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THE EFFECT OF MODULATED HIGH FREQUENCY CONDENSER 
FIELD ON THE STRAUB-FUEHNER FROG HEART PREPARATION 

CON PENNING and CLARENCE R. MOTT 

From the Department of Pharmacology and Physiology, University of Utah School of Medicine, 

Salt Lake City 

Received for publication November 17, 1944 

Additional interest in Physical Medicine has resulted from the publication 
of a recent report (1). Medical diathermy is recognized by many as a field of 
endeavor very incompletely investigated. No particular effort has been made 
to ascertain the possible effects of amplitude and frequency modulated currents 
upon living matter. In respect to the usual diathermy the general tendency 
has been to explain all physiologic effects as due to thermal changes, little or 
no effect is ascribed to specific or selective mechanical, chemical or thermal action. 
Thus capillary pressures, fluid interchanges, conductivities, blood states, meta- 
bolism, etc., are said to be modified directly or indirectly as the result of the 
physiological responses normally following the production of heat. Specific or 
selective heating and specific or selective biologic action of high frequency current 
remain unproven and subject to question (2). 

It is the desire of the authors to bring to the attention of those interested the 
following observations which apparently demonstrate a selective action of 
modulated high frequency current which is associated with modification of the 
normal function of the excised frog heart preparation (3). In this study 
the preparation is suspended in place between the plates of an auxiliary tuned 
circuit consisting of glass-plate-air and inductance (4). The preparation is thus 
subject to a controllable modulated high frequency condenser field (fig. 1). 
This tuned circuit is placed in proper coupling relationship to the tank circuit 
of a self controlled oscillator operating at approximately 125 megacycles and 
modulated at approximately 1000 cycles (5). The Radio Frequency output of 
this combination is approximately 4 watts. 

Figure 2, A, B, C, D, E, F, illustrates the manner in which the field effects 
the spontaneous rythmical activity of various excised heart preparations. It 
is apparent from these exhibits that there results either cardiac or ventricular 
standstill. In all instances the standstill shown was temporary and reversible. 
Furthermore, preliminary changes in rate and amplitude may occur in advance of 

1 



cox FEXX’IXG AXD CLAREX'CE R. MOTT 


standstill, A shows no change in rate and amplitude, B shows predominantly 
a decrease in amplitude, C shows preliminary decrease in amplitude with siib- 




Fig 2 


sequent slowing and changes in amplitude, D shows acceleration then slow iiig 
associated with decreased amplitude, E shows acceleration, F shows accclcN 
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ation and rise in diastolic tone, G shows initial ventricular failure followed by 
auricular failure with subsequent recovery in the reverse order. 

The consistent feature of aU these recordings is the ultimate cardiac stand- 
still. Some preparations show initial effects pointing to block of ventricular 
function, the majority show initial changes indicative of blocked functional 
conduction superior to the atria. The evident failure of aU preparations to 
respond in the same manner previous to standstill is probably due to such factors 
as inherent individual characteristics, size of heart, position of heart relative 
to plates, amount of leak, coupling to oscillator, tuning of auxiliary circuit and 
percent and type of modulation. 

The observation has been made that Avith a given preparation it is possible 
accurately to reproduce a particular effect if such is the desire by controlling, 
for example, the exposure time. Again we have evidence of the induction of 
intermittence of action which is prone to follow longer exposures . Intermittency 
has persisted as long as two and a half hours and would have continued longer. 
Irrigation and bathing the preparation with fresh Ringer’s was suflScient to 
restore normal rhythmical activity. The intennittent actmty present resembles 
the type of ventricular action shown by Sollman and Barlow (6) to be due to 
epinephrine action. However, the intermittency is that of the intact heart 
rather than ventricular strip. 

Electrographic studies were made of preparations during the application of 
the modulated high frequency current. The leading employed was as follows: 
right arm lead to the fluid in the cannula, left leg lead to the tip of the ventricle. 
Our observations indicate abrupt cessation of action potentials was associated 
with mechanical standstill. During recovery the electrical and mechanical 
manifestations usually come on simultaneously; however, we have on occasion 
observed preliminary action potentials not associated with mechanical response. 

It is important to point out that prolonged exposures were associated with 
manifestations of irreversible changes. For example, the heart may not again 
show spontaneous activity, either of atrial or ventricular nature. In all such 
instances the atrial and ventricular muscle was foimd to be responsive to mechan- 
ical and elctrical stimuli. With additional exposure of suitable length an 
apparent irreversible heat contraction of ventricular muscle associated with 
characteristic physical changes makes its appearance. 

The question arises as to possible mechanisms acting to produce the results. 
From our investigation we believe that a selective action takes place on the 
nerve terminals, the pacemaker and the associated conduction system. That the 
action is not the result of a generalized increase in temperature is indicated by the 
fact that an equal amount of saline corresponding to the capacity of the heart 
and its saline contents shows approximately a 1°C. rise in temperature when ex- 
posed to the field for 30 to 40 seconds. In order to produce some similarly ap- 
pearing results Mott and Fenning (7) found it necessary to subject similar prep- 
arations to the brief thermal action of Ringer’s heated to 40-80°C. 

A selective, relatively rapidly acting mechanism is in operation with the use 
of the modulated high frequency condenser field. Selective heating may account 
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for the results since it is known that a high frequency electrostatic field will 
preferentially heat oils faster than salines (8) . In addition there is some evidence 
of chemical factors produced or activated during exposure. Transference of 
fluid from the heart exposed to the field to a normal control: in some instances 
depression and standstill resulted and in other instances there has resulted 
acceleration and improved action. There thus may be present in addition 
to selective heating two or more chemical factors ha\dng some action. This 
phase of the problem is imdergoing additional investigation. 

Conclusions. Characteristic cardiac and ventricular standstill of the 
Straub-Fuehner frog heart can be produced using modulated high frequency 
current applied in the manner shovm by the authors. 

The results so obtained show a selective action of the current, the specific 
nature of whose action is not understood. 
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EXPERIMENTAL STUDIES ON MAN WITH A RESTRICTED INTAKE 

OF THE B VITAMINS^ 
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MICKELSEN and JOSEF BROZEK 

From The Laboratory of Physiological Hygiene^ University of Minnesota^ Minneapolis 
Received for publication February 5, 1945 

Part I. The borderline of deficiency 

For several years this Laboratory has studied experimentally the relation 
in normal men between intake of vitamins of the B complex and various aspects 
of ‘‘fitness,” including work performance and capacity, cardiovascular, sensorj^ 
and psychomotor functions, and aspects of intermediary metabolism. Measure- 
ments of intellective and other purely psychological factors have been added 
as suitable methods have been devised and standardized. 

Previous reports have indicated: 1, failure to discover any benefit from vitamin 
“supercharging” above the National Research Council recommended allowances 
(Keys and Henschel, 1942) ; 2, apparent adequacy for at least several months 
of 0.23 mgm. of thiamine per 1000 Cal. (Keys, Henschel, Mickelsen and Brozek, 
1943) ; 3, apparent adequacy for at least 152 days of 0.31 mgm. of riboflavin per 
1000 Cal. (Keys, Henschel, Mickelsen, Brozek and Crawford, 1944); 4, absence 
of deterioration in 14 days of hard physical %vork on a diet providing, per 1000 
Cal., 0.16 mgm. of thiamine, 0.15 mgm. of riboflavin and 1.8 mgm. of 
niacin (Keys, Henschel, Taylor, Mickelsen and Brozek, 1944). The present 
paper is a report of results from studies during subsistence for 161 days on a basal 
diet providing an average, per 1000 Cal,, of 0.185 mgm. of thiamine, 0.287 mgm. 
of riboflavin and 3.71 mgm. niacin, with other members of the B complex more 
or less in proportion. Caloric balance was maiatained on a diet providing an 
average of 3300 Cal, per day. 

The general program and procedures were similar to those used previously 
(cf. op. cit.), with modifications to increase the rigidity of control and the sen- 
sitivity and completeness of the test methods. All subjects were studied in an 
extended preliminary standardization and control period. The terminal control 
consisted of a 33-day experiment with a synthetic diet providing substantially 
no vitamins of the B complex; the extensive results from this final experiment 
are presented in a separate section^ 

1 This work was supported in part under the terms of a contract, recommended by the 
Committee on Medical Research, betw^een the Regents of the University and the Office of 
Scientific Research and Development. Important financial assistance was also provided 
by the Nutrition Foundation, Inc., the U. S. Cane Sugar Refiners’ Association, N. Y., the 
Corn Industries Research Foundation, N. Y., Swift and Co,, Chicago, the National Con- 
fectioners’ Association, Chicago, the National Dairy Council, Chicago, and the Graduate 
Medical Research Fund, University of Minnesota. Merck and Co., Inc., provided a gen- 
erous supply of pure vitamins. Most of the food materials were supplied by the Subsis- 
tence Branch, Office of the Quartermaster General, U. S. Army. 
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Subjects. The subjects were 8 conscientious objectors transferred from 
Chilian Public Ser\ice Camps and resident in this laboratory throughout the 
experiment. They were selected from volunteers and w^ere free from significant 
organic disease and defects as well as from significant psychopathology. Some 
of their characteristics are listed in table 1. They had previously been of seden- 
tary to moderately athletic habits. Prior to transfer all had subsisted for some 
months in C.P.S. camps where the diet had been cheap and plain and probably 
somewhat inferior to the N.R.C. recommendations. 

Program. For 10 weeks prior to the experiment proper the subjects were 
housed in the Laboratory where they were maintained on a fixed program of 
diet and activity so that the states of both nutrition and training were brought 
to substantially constant levels. During this time all the tests and measure- 
ments were standardized. A month before the start of the experiment proper 
the subjects were on a special regimen of high energy expenditure for 3 weeks 


TABLE 1 


Characteristics of the subjects at start of experiment 
Age in years, height in inches, weight (nude) in pounds, and percentile score in the 
American Council on Education (A. C. E.) Psychological Examination, 
for College Freshmen, 1942 form 



Restricted 

Supplemented 

Subject 

G 

Wi 1 

Wa 

T 

S 

Ja 

N 

Jo 

Age 

27 

21 ! 

25 

32 

22 

24 

20 

23 

Weight 

123 1 

138 

151 

156 

128 

158 

149 

158 

Height 

68i 

69| 

71 

m 

68i 

70J 

67i 

74 

A. C. E 

95 

81 

40 

97 

91 

18 

9 

75 


during which the intake of B \dtamins was low for 2 weeks (cf. Keys, Henschel, 
Taylor, Mickelsen and Brozek, 1944). 

In the experiment proper all men ate the same diet and daily ingested cap- 
sules of identical appearance. These capsules provided only vitamins A and 
D (daily 5000 I.U. vitamin A) for 4 men (the ‘^restricted'' group) but for the 
other 4 men (the “supplemented" group) they provided in addition, per day, 
1 mgm. of thiamine, 1 mgm. of ribofla^dn and 10 mgm. of niacin-amide. The 
contents of the capsules were unknovm to the subjects and to all but 3 members 
of the Staff who maintained secrecy. 

The principal physical activity was provided by standardized daily tasks 
on the treadmill and outdoor walks over a fixed course. The remaining free 
time was covered by a schedule of maintenance and assistance work to which 
each man was assigned. 

Nude body weight was recorded daily before breakfast. Once every 2 to 
3 weeks all subjects went through a series of performance tests on the treadmill 
and a series of strength and psychomotor tests. At intervals of 1 to 2 months 
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the psychological and clinical examinations and measurements were made. All 
tests and measurements were made in fixed relation to time of day, meals, and 
previous activity. The test rooms were maintained at 78°F. and 50 per cent 
relative humidity throughout. Standard clothing was worn at all times. 

Diet All meals were prepared and served in the Laboratory by a dietitian and 
assistants. The great bulk of the food was supplied by the XJ. S. Army Quarter- 
master Corps in a single shipment of items selected from U. S. Expeditionary 
Force Menu no. 1. These materials were kept in a cool dry storehouse through- 
out the experiment. Frozen chickens and veal were kept at —10 to — 15°C. 
Special 70 per cent butterfat cream was supplied from the University Farm; 
this was diluted 1 part to 3 parts of water for coffee and cereals and 1 part to 
1 part of water for whipped cream desserts. Butter, celery, lettuce, radishes and 
small quantities of fresh fruits were bought on the local market. All breads 
and pastries were baked in the Laboratory, using special unenriched flour. 
Bread was fortified in protein and minerals with 10 per cent of vitamin-free 
casein, 0.72 per cent of tri-calcium phosphate and 0.01 per cent of ferric citrate. 

Ten menus were strictly followed in rotation and all portions were weighed. 
Extra identical meals for each day were rapidly and carefully ground, sharp 
frozen and stored at — 25°C. The meals from 3 to 5 days were combined for 
vitamin analysis. 

The diet provided an average of 3300 calories and 75 grams of protein daily; 
fats comprised about 35 per cent of the calories. The foods for 3 representative 
menus are listed in table 2. The diet vras designed to provide, per 1000 Cal., 
about 0.18 mgm. of thiamine, 0.25 mgm. of riboflavin, and 3.5 mgm. of niacin 
but some variations occurred. The analyses showed grand averages of 0.185, 
0.287, and 3.71 mgm. of these vitamins respectively. The results of the actual 
vitamin analyses are summarized in table 3. 

Methods. In general, all methods were the same as previously described 
(cf. op. cit.). All chemical analyses were made in duplicate and were controlled 
by analyses of known materials in collaboration with the National Research 
Council Committee on Food Composition. 

Urinary excretion. Full details of the studies on urinary excretion of the 
vitamins will be reported elsewhere. The general results for the 24-hour excre- 
tions of thiamine and riboflavin, as percentages of total intakes, are summarized 
in table 4. 

The thiamine excretion in both ‘^restricted’’ and “supplemented” groups de- 
clined rapidly to reach substantially constant levels within 19 days, subsequent 
values showing no consistent trend. Zero excretions of thiamine, that is, w’-here 
the “blank” value equalled or exceeded the unknowm, occurred frequently in the 
“restricted” group beginning in the fourth w^eek, and represented 36 per cent 
of all measurements in the last 20 weeks of the experiment. There were some 
consistent differences betw^een individuals but these w’-ere not very large. In 
14 sets of measurements on the “restricted” group in the last 20 w^eeks the 4 
different individuals excreted averages of 7.7, 11.0, 8.3, and 10.0 micrograms of 
thiamine per day. In the 4 “supplemented” men at the same time, the different 
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TABLE 2 
Representative diets 


DIET NO. 2 

DIET NO- 6 

DIET NO. 10 

100 grams pear sauce 

100 cc. grapefruit juice 

100 grams apricots (dried) 

20 grams cornflakes 

20 grams rice krispies 

20 grams cornflakes 

(unenriched) 

75 grams cream (35%) 

75 grams cream (35%) 

75 grams cream (35%) 

125 grams beef broth 

150 grams cr. codfish 

80 grams roast chicken 

150 grams corned beef hash 

70 grams biscuit 

20 grams dressing and gravy 

150 grams hominy 

150 grams jello salad 

150 grams mashed potatoes 

25 grams pickles 

75 grams pineapple ice 

100 grams green beans 

100 grams jello with wh . cr. 

30 grams cookies 

65 grams angel food cake 

30 grams cookies 

75 grams meat loaf 

75 grams pineapple ice 

130 grams croquettes 

150 grams fried potatoes 

80 grams corned beef 

(chicken) 

100 grams creamed corn 

sandwich 

150 grams fried potatoes 

100 grams spice cake 

125 grams fruit 

100 grams spinach 

230 grams bread 

55 grams cookies 

125 grams gingerbread ; wh. 

50 grams butter 

300 grams bread 

50 grams butter 

100 grams jelly 

cr. 

200 grams bread 

50 grams butter 

100 grams jelly 

100 grams jelly 

Total 'wet wt.: 1462 grams 

1678 grams 

1476 grams 

Thiamin content : 0.45 nigm. 

0.46 mgm. 

0.732 mgm. 

Riboflavin content ; 0.68 mgni | 

0-84 mgm. 

0.88 mgm. 

Niacin content: 8.8 mgm. | 

9.6 mgm. 

11.5 mgm. 


The bread was made with unenriched flour and with casein as described in the text; the 
cream was prepared by diluting 70 per cent butterfat cream with water; all breakfast 
cereals were unenriched; the potatoes and fruits were prepared from dehydrated products, 
the meat loaf and croquettes were made from a minimum amount of meat and a maximum 
amount of bread and casein. WH. = whipped; CR. = cream. 

TABLE 3 


Daily vitamin content oj the basal diet, in milligrams per 1000 Cal,, and total milligrams per 
day, as determined by direct analysis. Only the averages for successive 
periods of about 1 month each are given here 


PEIIOD 

UG2kI. PEE 1000 CAJL. 

— 


TOTAL MGU. 



Thiamine 

Kibo. 

1 

Niacin 

Thiamine 

Ribo. 

Niacin 

in. days 

1 to 29 

0.17 

0-22 

3.7 

0.56 

0.72 

12.2 

30 to o5 

0.18 

0.23 

1 3.3 

0.58 

0.76 

10.8 

56 to 86 

0.19 

0.33 

3.7 

0.63 

1.10 

12.1 

87 to 116 

0.21 

0.35 

4.0 

0.70 

1.15 

13.1 

117 to 146 

O.IS 

0.30 

3.7 

0.58 

0.99 

12.3 

147 to 161 I 

0.19 

0.29 

4.0 

0.62 

0.91 

13.3 

1 to 161 

0.185 

0.287 

1 3.71 

0.612 

0.948 

12.24 
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individuals excreted averages of 122, 124, 183, and 104 micrograms per day. Dur- 
ing the preliminary control period, when all men were on the same intake, the 
men in the eventual “restricted” group excreted respective averages of 197, 
208, 154, and 149 micrograms per day while those in the “supplemented” group 
averaged 194, 183, 265 and 136, respectively. 

The urinary excretion of riboflavin was much less responsive to differences 
in intake. A clear difference between “restricted” and “supplemented” groups 
was not apparent until the ninth week and thereafter there was no significant 
further change in either group. Again, the individual differences W’-ere not large. 
For the period from the ninth through the twenty-fourth weeks the “restricted” 
subjects excreted averages of 155, 113, 134 and 128 micrograms per day w^hile 
the “supplemented” averaged 439, 505, 491 and 535 micrograms per day, re- 
spectively. 


TABLE 4 

Urinary excretion of thiamine and of riboflavin as percentage of total intake 
‘‘R’’ is the average for the experimental ‘^restricted’* group; “S” for the “supplemented” 
group. Each value in the table is the average of 8 to 16 measurements over a period of 
several weeks as indicated in the column headings. “Prelim.” values were obtained 
during the preliminary control period 4 to 6 weeks prior to the experiment proper. 


ITEM AND GROUP 

PRELIM. 

PERIOD 



PERIOD, 

IN DAYS 



21-28 

29-56 

57-77 j 

78-98 

99-133 

134-161 

Thiamine, R 

11.3 

2.4 

1.0 

2.1 

2.8 

0.3 

1.1 

Thiamine, S 

12.6 

6.0 

5.4 

9.7 

8.9 

7.0 

8.5 

Riboflavin, R 

22.9 

19.4 

19.2 

12.4 

12.6 

12.2 

12.1 

Riboflavin, S 

25.2 

19.6 

23.6 

27.0 

18.1 

25.0 

22.5 


The urinary excretion of F 2 (a metabolite of niacin), as determined both by 
the method of Najjar et al. (1942) and of Huff and Perlzweig (1943) show^ed 
no consistent differences between the 2 groups of subjects. 

Body weight, basal pulse rate and basal metabolism. The body w^eight remained 
remarkably constant in all the subjects throughout the experiment. There was 
a slight adjustment to the new conditions amounting to an average decline of 
2.9 pounds during the 55 days of the preliminary control period. At the start 
of the experiment proper the “restricted” and “supplemented” groups averaged 
141.8 and 148.3 pounds, respectively. Tw^enty days later the averages w^ere 
140.5 and 146.5 pounds, respectively, and the averages at the end of the experi- 
ment were almost identical, viz., 140.5 and 145.5 pounds. 

The basal pulse rate likewise showed no significant changes in either group. 
Just prior to the experiment proper the basal pulse averaged 53.5 and 52.0 beats 
per minute in the “restricted” and “supplemented” groups, respectively, while 
the corresponding averages for the eighteenth through the twenty-third week 
were 52.6 and 53.0. 
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There was a very slight but statisticall 3 ^ significant tendency for the basal 
metabolism to decline in both groups, but this may represent increasing habitua- 
tion to the procedure in spite of a number of practice trials during the preliminary 
control period. In am" case there was no difference between the 2 groups. The 
average oxygen consumption in the preliminar 3 ' control period was 231.7 and 
235.7 cc. per minute in the "‘restricted” and ""supplemented” groups, respectively; 
at the end of the experiment the corresponding values were 220.2 and 226.0 
cc. per minute. 

Work performance and physical ^^fitness’\ Capacity for simple physical 
exertion was estimated chiefly from pulse rates during and at set intervals 
follo^ving standard tasks on the motor-driven treadmill. The tasks were: 
1, walking for 60 minutes at 3.5 miles per hour and 10 per cent rate of climb 
(""endurance”); 2, running for 90 seconds at 9.0 miles per hour and 8.6 per cent 
rate of climb (""anerobic” work) ; and 3, the Harvard Fatigue Laboratory physical 
fitness test (Johnson, Brouha and Darling, 1942), None of these disclosed 

TABLE 5 

Scores in ike Harvard Fatigue Laboratory Physical Fitness Test 


Each value is the average of 3 or 4 independent tests on each man. Only values repre- 
senting the period just before and again at the end of the experiment proper are given here; 
i.e., all results from tests between these times are omitted for the sake of brevity. 


^'eesteicted” 

“supplemented’* 

Subject 

Before 

End 

Subject 

Before 

End 

G 

86 

72 

s 

93 

89 

Wi 

43 

47 

N 

84 

80 

Wa 

54 

i 66 

Jo 

57 

66 

T 

48 

; 68 

Ja 

66 

68 

Mean 

58 

63 

Mean 

75 

76 


any significant differential effects of the diet. The pulse rate response to simple 
anerobic work was almost identical in the two groups. For example, at the end 
of the experiment the average pulse rates for the periods 0 to 15 seconds, 60 to 
75 seconds and 120 to 135 seconds after ""anerobic” work averaged, respectively, 
184, 147, and 130 in the ""restricted” group and 189, 149 and 127 in the ""supple- 
mented” group. 

Differences in native ability were more pronounced in the Harvard ""fitness” 
test but there was no important consistent change during the course of the ex- 
periment. The men in the ""restricted” group started at a lower level and appar- 
ently improved rather more than the ""supplemented” men. A brief summary 
is given in table 5, 

Strength. Strength, as estimated by both hand grip and back lift dynamom- 
eters, was substantial^ constant in all individuals and unaffected by the 
vitamin intake. At the start of the experiment proper the grip strength averaged 
55 kgm. in the “restricted” group and 58 kgm. in the ""supplemented” group; 
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during the last 2 weeks of the experiment these averages were 61 and 60 kgm., 
respectively. The final averages for back lift were precisely the same as at the 
start, namely, 156 and 176 kgm. in the “restricted” and “supplemented” groups, 
respectively. 

Blood lactate and 'pyruvate. The resting blood lactate level was substantially 
constant and completely independent of the vitamin intake as judged from 28 
measurements in duplicate. The resting blood pyruvate, however, tended to 
rise in the “restricted” group and the change in this group was statistically 
significant. The statistical analysis of the data is summarized in table 6 which 
gives averages for each group, together with the standard deviations and t values. 
It should be noted that the principal change took place within 2 or 3 months and 
that there was no subsequent progression. The great change in t value during 

TABLE 6 

Mean values for resting blood pyruvate, as milligrams of pyruvic acid per 100 ml. of whole 
blood, together with analysis of the significance of the changes after 2 to B 
months and after 6 to 6 months on the diet as compared with 
the preliminary control period (^^before^*) 


The Fisher t-test for paired variates was used with 3 degrees of freedom. The values of t at 
various levels of significance are included 



BEFORE 

1 2 TO 3 MONTHS 

5 TO 6 MONTHS 

GROUPS 










Mean 

O’ 

Mean 


t 

Mean 

ff 

t 

Supplemented .... 

0.89 

±0.03 

0.99 

±0.15 

0.87 

0.93 

±0.02 

0.49 

Restricted 

1,01 

±0.17 

1.18 

±0.18 

2.06 

1.15 

±0.15 

6.43 


Levels of significance 


LEVEL 

50% 

10% 

5% 

1% 

t 

0.765 

2.35 

3.18 

5.84 


the 5 to 6 month period was due entirely to decreases in the dispersion of the 
pyruvate values within the ‘‘restricted” group. 

The blood lactate and pyruvate after standard anerobie work tended to rise 
during the course of the experiment in both groups of subjects but the rise was 
more prominent in the “restricted” group and the increase in pyruvate was 
perhaps disproportionate to that of lactate (cf. table 7). Exact analysis is 
complicated by the fact that the two groups were rather diifferent at the outset, 
the “supplemented” group being more “fit” as indicated by a lower lactate 
maximum and a more rapid recovery. Under such conditions simple lactate/py- 
ruvate ratios are misleading as we have abundant evidence that this ratio is 
normally dependent upon the total lactate level. It does seem, however, that 
the initial difference between the tvro groups was accentuated by the difference 
in vitamin intakes, particularly at 30 minutes of recovery, and that there was 
a real effect on the relation between lactate and pyruvate. 

After the ingestion of 100 grams of glucose (with 200 cc. of water) there was 
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usually a small rise in blood pyruvate, particularly in the 90 minute sample. 
There were only trivial and inconsistent differences between the 2 groups of 
subjects in this respect. In the last 2 weeks of the experiment the average rise 
in pyruvate 90 minutes after glucose was 0.17 mgm. per 100 cc. of blood in the 
^ "^restricted’ ^ group and 0,19 mgm. in the ^^supplemented” group. On some 
occasions there was a decrease after glucose. For example, at 60 minutes after 
glucose in the third month of the experiment the blood pyruvate declined on 
the average by 0.04 mgm. per 100 cc., in “restricted” group, while the “supple- 
mented” group showed an average increase of 0.12 mgm. None of these apparent 
differences was statistically significant. 

Glucose tolerance. Data on glucose tolerance do not lend themselves to treat- 
ment by averages and, in the present experiments, provided little of signif- 
icance. Similar to our pre\ious experience there was a rather high degree of 
intra- and inter-indi\ddual variation. Relatively flat curves were common in 


TABLE 7 

Work recovery blood lactate and pyruvate, as milligrams of the acids per 100 cc. of whole blood 
All values are averages from 2 or 3 independent experiments with 4 subjects in each 
group. Two sets of averages are presented, one for bloods drawn at 12 minutes and one at 
30 minutes after the end of standard anerobic work. 


cxorp AND TIME 

PERIOD AND ITEM 

1 Before 

60-90 days 

1 145-161 days 

Lact. 

j Pyruv. 

Lact. 

Pyruv. 

Lact. 

Pyruv. 

Restricted, 12 min 

72 

3.9 

86 

4.9 

89 

4.7 

Supplemented, 12 min 

60 

3.8 

65 

3.9 

71 

4.1 

Restricted, 30 min 

43 

2.9 

! 50 1 

3.7 

62 

3.6 

Supplemented, 30 min | 

31 

2.7 

29 

2.6 

36 

2.9 


both groups and the infrequency of marked hyperglycemia may be related to 
our failure to demonstrate important increases in blood pyruvate in glucose 
tolerance tests. In any case the blood sugar response to glucose ingestion failed 
to show any trace of an effect of the vitamin intake. 

Psychomotor functio7is. The psychomotor functions tested included: 1, speed 
of simple repetitive motion (alternate tapping of 2 plates separated by 1.7 cm.); 
2, speed of whole body motion (choice gross body reaction time) ; 3, co-ordination 
with no premium for speed (pattern tracing), and 4, speed and co-ordination 
(pipe and ball test). In tapping, the number of taps in both the first 10 seconds 
and the last 10 seconds of a 30-second test were recorded separately. In pattern 
tracing, both the number and the total duration of errors were recorded. The 
nature of these tests has been discussed previously (Brozek, 1944; Keys and 
others, op. cit.). All of these tests were applied during actual standard work 
and have proved reasonably sensitive to deleterious influences. 

The average results from these tests are summarized in table 8. Statistical 
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analysis confirmed the absence of any effect resulting from difference in vitamin 
intake. The individual records of the several subjects likewise disclosed no 
differential trends. The normality of the practice effects was proved by num- 
erous control studies on other individuals. 

Sensory functions. Visual and kinesthetic sensory functions were covered 
to some extent in the several psychomotor tests. In addition there were measure- 
ments of the critical frequency for fusion of a flickering light, estimates of pressure 
and vibratory sense by the examining neurologists and the results of standard 
ophthalmological examinations. All of these tests and examinations were 

TABLE 8 

Average results in tests of psychomotor functions 
Test 1 — total number of taps in 10 seconds. Test 2 — time in units of 1/120 second. 
Test 3A— total number of errors (contacts) in one circuit of pattern. Test 3B — total 
duration of errors (contacts) in one circuit, time in units of 1/120 second. Test 4r~number 
of balls passed through the pipe in 60 seconds. Note that high scores indicate good per- 
formance in tests 1 and 4 but poor performance in tests 2 and 3. 


TEST 

GROUP 

1 

PEELIM. 

CON- 

TROL 

PERIOD 

PERIOD IN DAYS 

45 

78 

117 

141 

lA. Tapping, 1st 10 secs 

“Eestricted” 

67 

73 

73 

69 

71 

Tapping, 1st 10 secs 

“Supplemented^* 

1 ^ 

70 

75 

71 

72 

IB. Tapping, 3rd 10 secs 

“Eestricted** 

62 

63 

64 

63 

63 

Tapping, 3rd 10 secs 

“Supplemented** 

58 

60 

64 

61 

61 

2. Body Eeaction Time 

“Eestricted** 

45 

49 

55 

56 

51 

Body Eeaction Time 

“Supplemented** 

43 

46 

50 

52 

52 

3 A. Co-ordination, No. of errors 

“Eestricted** 

31 

28 

26 

22 

19 

Co-ordination, No. of errors.. 

“Supplemented** 

38 

42 

33 

31 

22 

3B. Co-ordination, Duration 

“Eestricted** 

162 

130 

101 

90 

79 

Co-ordination, Duration. . . 

“Supplemented** 

199 

210 

146 

133 

94 

4. Ball-Pipe Test 

“Eestricted** 

74 

75 

76 

76 

76 

Ball-Pipe Test 

“Supplemented** 

65 

67 

68 

70 

72 


applied with care to all subjects on repeated occasions during the course of the 
experiment. None of them showed any consistent or significant alterations 
in either the “restricted” or the “supplemented” group during the course of the 
experiment. 

Intellective functio7is. An attempt was made to assess possible effects of the 
level of vitamin intake on intellective functions by the use of 2 different “intelli- 
gence” tests and with the Porteus Maze, testing “foresight. ” These were applied 
twice in the preliminary control period (4 to 6 weeks and 2 to 3 weeks prior to 
the experiment proper), and on 3 occasions during the experiment proper. The 
American Council on Education Psychological Examination (A.C.E.) forms 
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for 1942, 1941, 1940, 1939 and 1938 were used in that order. The Ohio State 
University Psychological Test (0. S. U.) forms 21, 20, 19, 20, 19 were used in 
that order. The Porteus Maze in orientation 1 was used on each occasion as 
well as, on successive occasions, orientations 1, 3, 2, 4, 3 in that order. 

The essential average results from these tests are summarized in table 9. 
Precise comparisons are difficult in this area because of differences in original 
native ability, variations in relative difficulty of successive tests, and some un- 
avoidable learning effects. However, these sources of potential error actually 
gave less trouble than anticipated and the final results seem to have considerable 

TABLE 9 

Average results in tests of intellective functions (see text) 


A. C. E. Psychological Examination raw scores based on 200 possible correct answers. 
0. S. U. raw scores. Porteus Maze point scores and time scores in seconds for orientation 
1 (1), and for maze orientations 1, 3, 2, 4, 3 (1-4) in that order. 


ITEM 

GROUP 

Prelim, control 

PERIOD 

Days of experiment 

i 

2 

44-SS 

83-88 

14S-146 

A. C. E. ^‘Intelligence” 

“Restricted” 

128 

163 

148 

145 

136 

A. C. E, “Intelligence” 

“Supplemented” 

101 

117 

120 

115 

114 

0. S. U. Intelligence 

“Restricted” 

118 

126 

120 

128 

122 

0. S. U. Intelligence 

“Supplemented” 

82 

91 

93 

91 

93 

Porteus Maze (1), point score . ... 

“Restricted” 

43 

47 

45 

52 

47 

Porteus Maze (1), point score 

“Supplemented” 

43 

51 

50 

52 

49 

Porteus Maze (1), time score 

“Restricted” 

276 

192 

232 

154 

164 

Porteus Maze (1), time score 

“Supplemented” 

242 

173 

165 

132 

144 

Porteus Maze (1-4), point score 

“Restricted” 

43 

46 

46 

50 

47 

Porteus Maze (1-4), point score. . . . 

“Supplemented” 

43 

48 

46 

46 

50 

Porteus Maze (1-4), time score 

“Restricted” 

276 

232 

205 

168 

183 

Porteus Maze (1-4), time score 

“Supplemented” 

242 

210 

178 

174 

129 


validity. We believe they demonstrate clearly that no important changes in 
intellective functions occurred in either group. 

Personality. Close daily personal contacts with the subjects did not disclose 
any consistent or important alterations of personality or abnormal subjective 
complaints. More definite evidence %vas obtained by the use of self-rating 
questionnaires which covered the following items: Headache, flightiness, tired- 
ness, out of patience with group members, sleeplessness, decline of mental alert- 
ness, decrease of interest in experiment and work, nervousness, sluggishness, 
backache, blueness, irritability with work, sensations of hot and cold, loss of 
appetite, “don’t care’’ attitude, irritated by staff, forgetfulness, dizziness, 
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muscle soreness. Each of these items were checked as: ^^absent or normal/’ 
^^more than usual,” “quite a bit,” or “very much so,” and these Avere given re- 
spective numerical scores of 0, 1, 2 and 3. Results, as aA^erage sums of the item 
scores, are summarized in table 10. Both groups tended to have some increase 
in complaints but this AA^as very slight and there A\"as no appreciable difference 
betAveen the 2 groups. 

Inter-individual ratings Avere used to see AA^hether the different subjects 
observed any changes in the behavior of their felloAvs. In the judgment of their 
felloAV subjects every man in both groups wslb considered to have become less 
“normal” in the course of the experiment but none of these reported changes Avas 
large and there Asras no consistent significant difference betAveen the 2 groups. 

The Minnesota Multiphasic Personality InA^entory (McEjnley and HathaAA^ay, 
1943) was applied to all subjects tAvice in the preliminary control period and on 
3 occasions during the experiment proper. Scores W’ere computed for the follow- 
ing scales: hypochondriasis, depression, hysteria, psychopathic deAdation, mascu- 
linity-femininity, paranoia, psychasthenia, schizophrenia and hypomania. 

TABLE 10 

Symptoms reported in the self-rating questionnaire 

Average sum of entries, weighted as indicated in the text. The average of 2 question- 
naires filled out within 4 weeks was used in each case, the days noted being the mid points 
of these occasions. 



PERIOD 

GROUP 

Prelim, control 

Days on diet 


45 

95 

135 

“Restricted’’ 

1.50 

2.88 


2.88 

2.25 

“Supplemented” 

1.25 

3.10 


1.75 

1.75 




Space does not permit even a cursory presentation of the extensive results but, 
in general, each subject remained Avithin the score limits established for him- 
self in the preliminary control period and there Avere no consistent alterations 
which might be related to the diet. 

R. B. Cattell’s Cursive Miniature Situation (C.M.S.) Personality Test (Cat- 
tell, 1941) was applied each month during the experiment proper but was not 
standardized in time to use in the preliminary control period. The results 
revealed a small steady increase in total correct responses in all but one man, 
a control subject, AA^hose performance became slightly Avorse. There Avas no 
indication of deterioration in the individual “restricted” subjects and their group 
aA’'erages started at a higher level and improved someAA^hat more than the ‘‘supple- 
mented” men. 

The Rorschach ink-blot test Avas applied (HarroAA^er-Erickson and Steiner, 
1943) on the 25th and 151st day of the regimen. The records Avere scored and 
interpreted by Doctor HarroAver-Erickson, who had not seen the subjects and 
did not learn of their nutritional status until after her analysis had been com- 
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pleted. There were no indications of personality deterioration in any subject. 
Three of the four restricted subjects, however, did give evidence of a slight increase 
in conscious control and vigilance over their behavior. This is not a psycho- 
pathological tendency, but it might be one way of reacting to less favorable 
dietary conditions. 

Miscellaneous examinations. Clinical examinations were made on all men be- 
fore and at intervals during the experiment proper. These included, besides the 
usual physical examination, particular attention to the skin, mouth and eyes. 
The latter were carefully examined with the slit lamp and ophthalmic microscope. 
No abnormalities conceivably related to the diet were discovered in any of the 
subjects at any time. Corneal vascularity, Bitot’s spots, cheilosis and lingual 
changes were conspicuously absent. 

Special cardiac examinations included measurement of heart size by means 
of special roentgenkymographic methods (cf. Keys, Friedell, Garland, Madrazo 
and Rigler, 1940). No significant changes occurred in any of the men. The 
same was true of the results of repeated electrocardiographic examinations. 
Carefully standardized measurements of gastric motility disclosed no changes 
in either rate of gastric emptying or the time for complete emptying of 
the stomach. 

Discussion. The data actually’' presented in this paper are, because of space 
limitations, only a very small fraction of those collected in the course of this 
experiment. We believe they’’ cover the several aspects of physiological, bio- 
chemical and psychological functions and ''fitness” in a considerably more ob- 
jective and exhaustive manner than has been reported previously and permit 
some conclusions of interest. However, it must be noted that the evidence 
applies strictly only’' to relatively’' normal young men under conditions of moder- 
ate activity in temperate climatic conditions. The situation may conceivably 
be different ^vith women, children, the aged, and in the presence of disease. 
Extremes of climate, activity and emotional states may be modifying factors 
though most speculations on these matters have little or no basis of fact. A 
much more prolonged experimental period may have given different results 
though we may point to the absence of progressive tendencies after the first 10 
weeks or so. 

With the foregoing limitations in mind it seems clear that none of the perfor- 
mances or clinical or psychological characteristics was affected by the limitation 
in vitamins of the B complex to the rather low levels employ’^ed. There was, 
however, a small but statistically significant change in pyrimc acid metabolism. 
This took place vithin the time period employed in our previous studies on thia- 
mine limitation and showed no progression thereafter. The obvious conclusion 
from this and our previous studies would be that the present level of thiamine 
intake, i.e., 0.185 mgm. per 1000 Cal., is not quite adequate to preserve full 
normality in the intermediary metabolism of carbohydrate but that an intake of 
0.23 mgm. of thiamine per 1000 Cal. is fully adequate in this respect. There 
is no basis for judgment as to whether or not this small shift in pyruvate reaction 
equilibrium is, per se, deleterious, i.e., whether it is actually ^had,” though it 
may- be a warning signal 
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It may be, of course, that the concomitant limitation in the other members 
of the B complex had a secondary effect on the pyruvate change through some 
influence on the requirement for thiamine. In any case it is clear that there 
was no indication that the intakes of liboflavin and niacin were inadequate. 
The findings in our previous work on riboflavin (Keys, Henschel, Mickelsen, 
Brozek and Crawford, 1944) are fully confirmed. 

The number of subjects was smaller than we should like but confidence is 
gained by the uniformity of responses of the different individuals in spite of 
considerable differences in physique, temperament and previous habits of diet 
and activity. 

The present results in the psychological field are of particular interest in view 
of the frequent suggestions and claims that intellectual ability, personality and 
behavior are peculiarly sensitive to the intake of B vitamins, notably thiamine 
(cf. Williams and others, 1942; Williams, Mason and Wilder, 1943). The 
present tests and results have some general importance in the methodology of 
applied psychology and will be presented with full details elsewhere. We are 
well aware of the fact that our observations and tests neither cover the entire 
field nor are as sensitive as desired, but we do believe they approach the best 
level of currently attainable procedure. 

Exhaustive comparison of the present findings with the reports of other in- 
vestigators is not warranted, partly because the conditions are not entirely 
comparable, but chiefly because of the relative paucity of precise objective data. 
The excretion of thiamine here remained well down in the range frequently 
considered to be indicative of gross deficiency. However, this was also true of 
the excretions reported in our previous study with an intake of 0.23 mgm. of 
thiamine per 1000 Cal. It should be noted that in the present series the thiamine 
excretion was consistently less than half that obtained with the 0.23 mgm. intake 
and frequently was undetectably small. It coul'd be suggested, therefore, that 
a consistent thiamine excretion of less than 20 micrograms in 24 hours is related 
to true thiamine deficiency and that greater excretions indicate safety though 
not necessarily with a reasonable reserve margin. 

The significance of riboflavin excretion data is not clear. From the present 
and previous studies here it might be suggested that a consistent excretion of 
around 100 micrograms per day would indicate adequacy. However, such a 
conclusion would not be on safe ground because of the delay in response to the 
intake of ribofla^dn excretion and because other factors undoubtedly are involved 
at times. For example, in other experiments in this Laboratory we have 
found that starvation, bed rest and total exclusion of thiamine from the diet 
all have very pronounced effects on riboflavin excretion. The present results 
are in good agreement with those of the Mayo Clinic studies on ribofla\dn 
though we are imwilling to accept their conclusions based on urinary excretion 
(Williams and others, 1943). 

With thiamine the situation is more complicated. On the basis of experience 
we are forced to reject completely conclusions based solely on clinical impressions 
and uncontrolled observations in spite of the fact that these may be extremely 
valuable at times. The urinary excretion of thiamine is probably a significant 
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datum in the appraisal of thiamine nutrition but we cannot agree that the avail- 
able evidence is sufficient to set a level of discrimination between true adequacy 
and inadequacy even though relative degrees of adequacy may be so assessed. 

Some evidence has been offered which purport to show that a thiamine intake 
of 0.23 mgm. per 1000 Cal. is not fully adequate, or at least allows a shift in the 
equilibrium in pyruvic acid metabolism (Williams and others, 1942; Williams, 
Mason and Wilder, 1943). It is entirely possible that the whole source of appar- 
ent disagreement may reside in the calculation of thiamine intake in terms of milli- 
grams per thousand Calories. Calculations may be made on the basis of non-fat 
calories, in which case the results from the Mayo Clinic and from this Laboratory 
would be less discordant because there was proportionately more fat in the present 
diet. Incidentally the diet used here was probably closer to the proportion of 
fat in the ^^average” diet in this country as a whole than was the Mayo diet. 
However, even a correction for this difference would still leave a considerable 
difference in the 2 sets of results. We question whether the thiamine require- 
ment is actually strictly and linearly proportional to the calories or even to the 
non-fat calories. The evidence for this common assumption is not very satis- 
factory even in animal experiments and there is extremely little basis for presum- 
ing such an exact relation in man. If we merely examine all the available 
evidence without prejudice then we should probably conclude that signs of thia- 
mine deficiency are apt to appear within some months when the total intake 
is less than 0.61 mgm. per day, regardless of calories. It is possible that the 
actual thiamine requirement may be a constant plus an amount proportional 
to the total or non-fat calories. This problem requires much more intensive study* 

SXJMMAKY 

1. Four normal young men were maintained on a controlled dietary intake of 
0.185 mgm. of thiamine, 0.287 mgm. of riboflavin and 3.71 mgm. of niacin per 
1000 Calories. Four other subjects were on the same diet but supplemented 
each day with 1 mgm. of thiamine, 1 mgm. of ribofla\in and 10 mgm. of niacin. 
The difference in vitamin intake w^as disguised by the use of placebos. The 
actual intakes ^vere determined by direct analyses. 

2. All conditions and measurements were highly standardized and controlled. 
After several months of preliminary standardization the experiment proper was 
maintained for 161 days. The men resided in the Laboratory throughout the 
entire period. The physical expenditure of the men was adjusted so that a 
daily intake of 3300 Calories just maintained their weights. 

3. The 24-hour urinary excretion of thiamine became substantially constant 
in less than a month in both restricted and supplemented groups. For the last 
3 weeks of the experiment it averaged 7 micrograms (1.1 per cent of the intake) 
and 114 micrograms (8.5 per cent of the intake) in the 2 groups, respectively. 

4. The 24-hour urinary excretion of riboflavin became substantially constant 
in about 2 months in the restricted group. In the supplemented group there 
was no tendency toAvard any progressive alteration from the beginning. For 
the last 3 weeks of the experiment the daily excretion of riboflaAun in the urine 
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averaged 137 micrograms (12.1 per cent of the intake) and 438 micrograms 
(22.5 per cent of the intake) in the 2 groups, respectively, 

5. Over the period of 161 days the 2 groups disclosed no differential changes 
in the following: pulse rate during and following both endurance and brief 
exhausting work, Harvard “physical fitness” test scores, strength, psychomotor 
functions, heart size, electrocardiograms, gastric emptying, basal metabolism, 
glucose tolerance, blood lactate in rest and following standard work or glucose 
ingestion, sensory and intellective functions, and a variety of objective person- 
ality evaluations. All clinical, ophthalmic and neuropsychiatric examinations 
were also negative. 

6. The resting level of pyruvic acid in the subjects on the low vitamin intake 
increased from an average of 1.01 mgm. per 100 ml. of blood at the start of the 
experiment to 1.15 mgm. at the end and this change w'as statistically significant. 
There was a slight tendency toward a similar difference in the 2 groups after 
brief exhausting exercise. No differential change in blood pyruvate occurred 
following the ingestion of glucose. 

7. Conclusions from the present study must be confined to the kind of subjects 
and the general conditions used and to the duration of the experiment. Within 
these limitations it appears that the vitamin restriction was without significant 
effect on the aspects of “fitness”, “health” and personality studied here but that 
the thiamine intake was on the borderline of inadequacy as indicated by blood 
pyruvate. There were no signs of deleterious effects from the restriction in 
riboflavin and niacin. 

Part II. The results of acute deprivation op vitamins op the b complex 

The results reported in part I of this paper might suggest that the lowest in- 
take of B vitamins studied — roughly one-third of the National Research Council 
Recommended Daily Allowances (1943) — ^fail only in trivial respects to cover 
all requirements for normal young men. The fact that the few and apparently 
unimportant changes w'-hich were observed were not progressive after the first 
2 or 3 months affords no support for the speculation that subsistence on the diet 
for a period longer than 6 months would eventually result in deterioration. 

Analogy with the reports of Frazer (1942) and Elvehjem (1944) that signs of 
nutritional deficiency (in the monkey) may be delayed for many months is not 
valid because in the cases cited no effort remotely comparable to the present 
study was made to detect malfunction at an early date. However, there are 
several important questions: 

1. Ai*e the tests and measurements used here properly sensitive to the func- 
tional deterioration produced by real deficiency? 

2. What are the quantitative characteristics of such deficiency in terms of 
these and similar objective tests and measurements? 

3. Do the restricted intakes of B vitamins employed result in an important 
decrease in body reserve of these \4tamins so that subsequent more acute 
restriction produces more rapid or more serious deterioration than would 
obtain otherwise? 
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4. WMch of the several B vitamins is most critical in the production of deteri- 
oration in short periods of extremely severe restriction? 

An attempt was made to answer these questions in part by an experiment with 
a diet almost de\”oid of B vitamins. Immediately upon the completion of the 
161-day experiment reported in part I of this paper these same subjects began 
subsistence on a diet w-hich was adequate in caloiies, protein, fat, minerals and 
\dtamins other than those of the B complex. The level of energy expenditure 
was set at 4000 Cal. daily and the diet was maintained for 33 days. Suitable 
controls were established and great efforts were made to discover in quantitative 
terms the main features of responses covering a considerable sector of the physio- 
logical, biochemical and psychological functions. A summary of the more 
significant findings is set forth here. 

The program. In order to obtain evidence as to the effect of the previous 
diet on the response to a diet substantially free from vitamins of the B complex, 
and to provide both positive and negative controls, the 8 men were divided into 
2 groups receiving, respectively, placebos and supplements of B vitamins as 

TABLE 1 

Organization of subjects according to the B vitamin intake for the 6 months previous to the 
present experiment and for the present experiment (S3 days) 


“Supplemented” means that intake of the vitamins of the B complex corresponded 
roughly to National Research Council Recommendations for the entire period indicated: 
“deficient” refers to the basal diet plus placebos only. 


1 

SXJBJECTS 

GROtJP DESIGNATION 

PBEVIOUS 

1 

PRESENT 

G, Wi 

Restr. — ^Deficient 

Restricted 

Deficient 

S, Ja 

Control — Deficient 

Supplem. 

Deficient 

J, Jo 

Control — Control 

Supplem. 

Supplem. 

Wa, T 

Restr. — Control 

Restricted 

Supplem. 


indicated in Table 1 of this terminal experiment. The increased frequency 
and variety of the daily tests, combined “with the fixed schedule of exercise on the 
treadmills, made a routine with almost no free time and fulfilled the plan of an 
energy expenditure of 4000 Calories per day. All men ingested capsules daily 
and none of the subjects and only a few administrative members of the Staff 
knew which men “were controls. As before all subjects resided continuously in 
the Laboratory. Every effort was made to assure both technical and biological 
accuracy of the tests and measurements. As in the previous “work, clothing, 
temperature, humidity and other environmental conditions were kept constant. 

The efforts to maintain absolute constancy of food intake and activity even- 
tually were unavailing in the face of mounting anorexia and deterioration of 
some of the men after several weeks so that it became necessary to scale down 
both the food prescription and the exercise schedule. The schedule of all tests 
and measurements was not interrupted, however, except in the case of one man 
(Ja) who was withdrawn from the experiment after 18 days because of an upper 
respiratory infection. 



EESTKICTED INTAKE OF B VITAMINS IN 3VtAN 


21 


On the 23rd day all men received vitamin test doses and on the following day 
thia min e supplementation was begun with the men not previously supplemented. 
This administration was decided upon because of accelerating debility and nausea 
of these men. The basal diet was adhered to until the end, however, and no 
other vitamin supplementation was introduced. 

Methods, The chemical, physiological and psychological methods were, for 
the most part, those applied in part I of this paper. A number of tests and 
measurements not used previously were applied in the present experiment. 
These are indicated in the appropriate sections below. It should be noted that 
all chemical analyses were made in duplicate and checked against known stand- 
ards. The tests and measurements of strength and in the sensory and psycho- 
motor areas were applied in duplicate or in triplicate on each occasion. 

Diet and nutrient intakes. Previous experimentation with the synthetic diet 
of “Crisco,’’ “dextrimaltose’^ and casein used by Najjar and Holt (1943) indicated 


TABLE 2 

General formula for the diet 

Weights in grams as supplied except for items 6, 6, 7 and 8 which are for the dry ingredients 


item; 

BKFST. 

LTOCH 

DINNES 

TOTAL 

CHO 

PfiOTEIN 

PAT 

1. Butter 

23 

30 

22 

75 



61 

2. Syrup 


100 


100 

70 



3. Jelly 

75 


75 

150 

97 



4. “Cream” (17.5%) 

30 



30 




5. ‘‘Wawfuls’' 


100 


100 

65 

12 

18.5 

6. “Regurgicake” 

150 


150 

300 

195 

36 

60 

7. Frozen pudding 



100 

100 

65 

12 

18.5 

8. Cookies 



50 

50 

33 

6 

9 

9. Soda Pop 


175 


175 

25 


1 

Grand total = 4014 Cal, 








' Total firrams 





550 

66 

172.2 

Total calories 

2200 

264 

1550 


we could not hope to maintain an intake of 4000 Cal, daily with this ration in 
subjects who have at least a moderate amount of gastronomic sensitivity. The 
diet eventually developed bore a reasonable resemblance to more customary 
foods and w^as neither seriously disagreeable in taste nor unbearably monot- 
onous. It must be admitted that after some w’-eeks it failed to arouse 
any enthusiasm. 

The food items were butter, hydrogenated vegetable shortening (“Spry’O, 
vitamin-free casein, dextrose, sucrose, cornstarch, sugar syrup, hard candy, 
jelly (apple-raspberry and apple-currant), and special ''cream’’ prepared from 
70 per cent butterfat. To these were added very small flavoring amounts of 
cinnamon, cocoa, lemon juice and fat bacon as well as coffee, black tea and coca 
cola as beverages. The general formula of the diet is given in table 2 from which 
it will be seen that it provided about 4000 Calories, 66 grains of protein, and 
fat amounting to 38 per cent of the calories. 
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Variation was introduced by the use of different flavorings in the several 
prepared items and by the substitution of beverages made from the puddings. 
The recipes and vitamin contents of specially prepared items are given in table 
3. In general the diet covered both the desire for calories and the actual needs 
but hard candy was pro\dded as an optional supplement if desired; small amounts 
were eaten (and recorded) by some of the men. 

TABLE 3 

Recipes for principal items used in Gook Diet no. 1 


Note that spice or chocolate cookies may be prepared using 3 grams ground cinnamon 
or 5 grams cocoa instead of caramelizing sugar. Recipe amounts in grams, vitamins in 
mierograms per one recipe. 



WAWFTJL 

REGURGICAKE 

CHOC. PTODING 

CASAMEL 

PUDDING 

Cornstarch 

44 

50 

9 

40 

Dextrose 

Sucrose 

21 

15 

51 

28 

Casein 

12 

12 

12 

12 

Butter 

10 


10 

10 

Shortening 

10 

20 

10 

10 

NaCl 

3 

3 


3 

Baking powder 

tsp. 

tsp. 


tsp. 

Water 

100 

50 

50 

50 

Calories 

400 

488 

455 

487 

Thiamine 

0.8 

1.0 

4.5 1 

0.8 

Riboflavin 

0.5 

0.5 

15 1 

0.5 

Niacin 

0.0 

1.0 

120 

1.0 


Notes: ^^WawJuV^: Mix dry as for pie crust, add water just before baking in usual manner* 
Makes 2. 

^^Regurgicake^^ : Mix dry as for biscuits, add water and knead 1 minute. Bake at 
425°F, for 30 minutes. Best served hot, fresh or toasted. 

Chocolate pudding: Mix dry ingredients plus 3 grams salts no. 4 (Phillips and Hart., 
1935) and 5 grams cocoa. Add boiling water, mix until smooth. Cook in double boiler 
30 minutes, cool and freeze in mold. 

Caramel cookies: Caramelize sugar, add butter and then water and cook until smooth . 
Cool and add mixed dry ingredients. Form into roll and slice off cookies. Bake at 
400°F. for 20 minutes. 

Chocolate-Cola drink: Place in Waring Blender 100 grams of chocolate pudding, 4 
crushed ice cubes, | bottle (3 oz.) of coca-cola, 3 tablespoons liquid coffee. Mix 1 minute 
and serve. 

All foods were repeatedly analyzed as served. The precise values for the B 
vitamins are somewhat uncertain, owing to the difficulty of estimation, even 
with special methods, at the very low levels present. Assurance can be had, 
however, that the total diet did not exceed the following values: Thiamine — 
0.03 mgm. per day, or 0.008 mgm. per 1000 Cal., riboflavin— 0.06 mgm. per 
day, or 0.013 mgm. per 1000 Cal., niacin — 0.4 mgm. per day, or 0.1 mgm. per 
1000 Cal. 
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Each day all men ingested a series of capsules which provided, daily, 25 mgm* 
of ascorbic acid, 5000 1.U. of vitamin A and 170 LU. of vitamin D for each man. 
In the deficient group the remaining capsules contained only lactose and coloring 
matter but the men in the control group received capsules of identical appearance 
containing 1 mgm. of thiamine, 1 mgm. of riboflavin, 10 mgm. of niacin, 25 
mgm. of pyridoxine, and 1,2 grains of dried yeast so that their total intakes were, 
daily, 1.5 mgm. of thiamine, 1.5 mgm. of riboflavin and 10.8 mgm, of niacin. 
Mineral adequacy was provided to all men by the use of the salts mixture no. 4 
of Phillips and Hart (1935). 

The diet caused constipation in all men at one time or another. This was 
controlled by restricted use of mineral oil. As the experiment progressed 
anorexia became a problem and deviations from the exact form of the diet were 
allowed in an effort to cater to individual preferences. Such deviations, how- 
ever, were confined to the substitution of puddings for ''wawfuls” or “wawfuls’’ 
for ^'regurgicakes’’ and so on, so that the dietary pattern remained essentially 
constant. The actual total amount of the diet eaten, however, declined some- 
what for all men after the first 10 to 15 days and fell to very low values in the 
third week in the deficient group. After thiamine supplementation of the latter 
group their food intake rapidly rose so that for the final week of the experiment 
all of these men averaged more than the prescribed 4000 Cal. per day; this was 
provided by eating extra servings of the several items of the diet. 

General results. Aside from minor complaints about the monotony of the 
regimen no subjective or objective changes other than in urinary excretion of 
vitamins were discovered in any of the men in the first week. Thereafter there 
was increasing anorexia in G and Wi and later in S and Ja. This progressed 
in G and Wi to almost complete inability to take any food by the end of the third 
week. It was decided, therefore, to carry out vitamin saturation tests and then 
to institute supplementation. Accordingly, at the end of the 23rd day all men 
in the deficient group were given saturation test doses> orally, of 1 mgm. of 
thiamine, 1 mgm. of riboflavin and 10 mgm. of niacin. On the following day, 
the 24th on the diet, these men began to receive thiamine supplementation at 
the level of 10 mgm. per day for 5 days and 5 mgm, per day for the final 5 days. 
No other vitamin supplementation was given because the thiamine alone ap- 
peared to be suflSciently effective in restoring both appetite and general ability 
to proceed with the experiment. The body weight records summarized in figure 
1 reflect the variations in the food intake quite accurately. 

The changes in performance were surprisingly small in all categories in view 
of the marked changes in general behavior and obvious signs of subjective 
distress. In general, however, the objective findings were consistent and permit 
fairly definite conclusions. The stability of the supplemented group provided 
satisfactory controls. 

The detailed clinical examinations of the deficient group were largely negative 
at all stages. In particular there were no changes in the skin, gums, mouth, 
tongue, eye grounds, cornea and conjunctiva. The objective neurological ex- 
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aixiinations were made with great care but they revealed only small evidence 
of peripheral nerve disturbance. The latter effect was limited to the lower legs 
and consisted in slight surface anesthesia and minor deep muscle tenderness 
in the calves. Subjectively there were reported occasional sensations in the legs 
of numbness, cold, weakness and pain on exertion. At the height of the effects 
the deficient men were uniformly apathetic, disinclined to either physical or 
mental effort and depressed. All time free from tests and other set features 
in the program was devoted to lying silently in bed. Vomiting during or between 
attempts to eat was frequent in these men and was often induced by exertion. 
It is notable that their lack of desire to eat was not limited to the experimental 
diet; for example, they were only mildly intrigued by the thought of beefsteak 
or fresh vegetables which they had not eaten for 7 months. It is interesting 
that the members of the Staff of the Laboratory w^ho had been observing the 



Fig. 1. Body weights nude, after emptying the bladder before breakfast, for the 4 men 
who received only placebos until the 23rd day when thiamine supplementation was started 
(arrow). Note that the 4 control subjects maintained relatively constant weights during 
this period. 

men closely for many months were much more impressed with their deterioration 
than were any of the 5 outside examiners who conducted special clinical 
examinations. 

Urinary excretion of t}ie vitamins. The course of thiamine excretion in the 
urine, as averages for the 4 groups, is summarized in figure 2. The men, pre- 
viously restricted, who received supplements (T and Wa) showed a general rise 
in thiamine excretion which was immediate, pronounced and constantly pro- 
gressive. Since the total thiamine intake in these supplemented men was 
only 1.5 mgm., it is tempting to conclude that the body stores of thiamine in 
these men were depleted but easily replenished and that the supplement intake 
was considerably greater than needed. However, we disclaim any such definite 
conclusion and use this instance as an opportunity to reiterate our opinion that 
at present the interpretation of urinary excretion data for vitamins is frequently 
carried far beyond established legitimacy. 
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ThiaDaine excretion in the deficient group fell within a day to levels where 
it is necessary to work at the extreme limit of sensitivity for any methods so 
far developed. It can be stated, however, that G and Wi, the men previously 
on a restricted regimen, more closely approached absolutely zero excretion within 
a few days than did the men who were previously controls, i.e., S and Ja. The 
differences seem numerically trifling but they may reflect significant metabolic 
differences. 

The course of riboflavin excretion was very different from that of thiamine 
both as to rate of change in response to change in intake and as to ultimate 
levels reached. The data are summarized m figure 3. The men previously 
restricted (Wa and T) showed no real response to supplementation for about 
2 weeks. All men on the placebo regimen showed an immediate fall m ribo- 
flavin output but this was not progressive and appeared to become stabilized 
at a level of urinary output considerably in excess of the intakes. These latter 



Fig. 2. Urinary excretion of thiamine, in micrograms per 24 hours, as averages for the 
4 pairs of subjects. 

results suggest either that the body stores of riboflavin are very great or that 
synthesis of riboflavin occurs in the body (Najjar and others, 1944). We should 
probably incline to the latter suggestion in view of the fact that, after the first 
2 or 3 days, there was no essential difference in urinary riboflavin excretion 
between the men who had been, for nearly 6 months previously, on very different 
levels of intake. 

Measurements of F 2 in the urine, as a proposed measure of niacin metabolism, 
were made on all the urines collected. They showed no important relation to 
intake and the results conform to our report as to the lack of utility of this 
measurement in men on low or moderate intakes of niacin (Mickelsen and 
Erickson, 1944). 

The responses in the 24-hour urinary excretion to the “saturation^’ test doses 
of the vitamins administered to the deficient group on the evening of the 23rd. 
day were likewise different for the several vitamins. None of the ingested thia- 
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mine ms excreted whereas an average of 10 per cent of the test dose of riboflavin 
appeared in the urine. ■ The test dose of 10 mgm. of niacin produced no consistent 
change in the F 2 excretion though there was an average rise in the r 2 from 559 
to 736 units (equivalent to micrograms of quinine sulfate) ; in other words an 
increase in intake of 2500 per cent produced an average rise of only 32 per cent. 

Urinary creatinine and' urea. During the present experiment there was a 
consistent tendency, in both groups, for the total 24~hour urinary creatinine to 
be slightly depressed as compared with the measurements made in the im- 
mediately preceding period. In any case it was clear that the vitamin deficiency, 
with the associated loss of weight and weakness, was not associated with any 
outpouring of creatinine.* The average results are summarized in figure 4. 



/)ays Days 

Fig. 3 Fig. 4 


Fig. 3. Urinary excretion of riboflavin, in micrograms per 24 hours, as averages for the 4 pain 
of subjects. 

Fig. 4. Urinary excretion, in grams per 24 hours of urea nitrogen and of creatinine, as aver 
ages for the “controls’^ (solid circles, subjects N, Jo, Wa and T) and for the deficient subject! 
(open circles, G, Wi, S and Ja). 

The excretion of urea presents a different picture (fig. 4). During the 
first 2 weeks, when the signs of deficiency and metabolic alterations were slight, 
both groups behaved alike in exhibiting a reduction in urea output of about 25 
per cent. At least part of this could be explained on the basis of the reduction 
in protein intake from an average of 75 grams to around 60 grams daily .2 

After the first 2 weeks the control subjects maintained a fairly constant urea 
output at this new level. The deficient men, how’ever, excreted increasingly 
large amounts of urea as their deficiency state became more severe. After 
thiamine supplementation this difference between the 2 groups tended to dis- 
appear. The results strongly suggest an important amount of tissue breakdown 
associated with the severest stage of the deficiency but final conclusions must 
be tempered by the absence of full data on the nitrogen balance. 

2 Note that the protein intake tended to fall somewhat below the prescription because of 
distaste for the casein and consequent rejection of part of the casein-containing items. 
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Blood chemistry. The deficient subjects showed a general tendency toward 
hemoconcentration more or less parallel to the course of their signs of deficiency. 
The plasma protein concentration was increased in G, Wi, and S, respectively, 
by 0.6, 1.1 and 1.5 grams per 100 ml. by the 22nd day with essentially no changes 
in the control subjects. The albumin-globulin ratios showed no important or 
consistent changes in either group. Evidence of the hemoconcentration changes 
is clearly seen in the values for hemoglobin summarized in table 4. Whereas 
the control subjects suffered small reductions in hemoglobin concentration in 
the middle of the experiment, all of the placebo subjects showed a progressive 
rise which regressed after they received the thiamine supplementation. It is 
probable these blood concentration changes simply reflected alterations in the 
state of hydration consequent to vomiting and partial starvation. 

The major effort in blood chemistry was devoted to the study of lactic acid, 
pyruvic acid and glucose as possible indices of the behavior of the carbohydrate 
metabolism. These substances were repeatedly measured in rest, after standard 
^ ^anerobic” work, and after glucose ingestion. The major results are summarized 
in table 5. The outstanding finding was the relative constancy of these variables 


TABLE 4 

Average values for concentration of hemoglobin^ in grams per 100 ml, of blood, during 
subsistence on the critical diet 


GSOUP 

CONTROL 

PERIOD 

rJMtlOD IN DAYS 

13 

1 

31 

Supplemented subjects 

Deficient 

16;25 

14.90 

14.58 

15.13* 

m 

15.23 

15.60 


m spite of the abundance of signs of functional impairment. It is clear that, 
as compared with the pre-experiment control period ’or ynth. the supplemented 
subjects, the deficient group exhibited a general and fairly consistent tendency 
to accumulate pyruvate and lactate, but in each instance the effect was small 
and, taken by itself, would not be considered important or even abnormal. In 
other words, though the data thoroughly establish an effect of deficiency of the 
B vitamins, and especially thiamine, on the metabolism involving lactic and 
pyruvic acids, the effect was too small to support claims for the validity of the 
diagnosis of athiaminosis from only a few measurements of these acids. 

The sugar tolerance curves exhibited some interesting features which are 
rather obscured by the necessary condensation of the data into averages. At 
the height of the signs of deficiency all men in the placebo group showed a definite 
delay in disposing of the ingested sugar. The experimental regimen, however, 
also had some effect on the control subjects who showed definitely higher 30- 
minute levels than before. The reason for this general change is unknown. Some 
of the alterations in the deficient group were probably related to partial 
starvation. 

Gastric emptying. We have remarked that anorexia, nausea and vomiting 
were among the earliest and most pronounced effects of the vitamfti deficiency. 
It is interesting, therefore, that there was no delay in emptying the stomach as 
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observed with a standard meal of oatmeal and barium sulfate measured both 
by fluoroscopy and by planigraphic measurements of the serial roentgenograms 
(Henschel, Taylor and Keys, 1944). The final times of emptying of the stomach 
are given in table 6. 


TABLE 5 

Averages and standard deviations for lactate, pyruvate and glucose in milligrams per 100 ml, of 

blood 

‘Oeficient^’ group-subjects G, Wi, S; “Supplemented*^ group-subjects N, Jo, Wa, T. 
All measurements are the means from the duplicate analyses. Measurements on 2 to 4 
separate occasions for each man under each condition in each period except for the final 
period when only single measurements were made for glucose and for lactate and pyruvate 
after glucose. “Basal** refers to basal rest; “Standard** refers to standard rest after stand- 
ard light activity. “12 min.** and “30 min.** refer to bloods drawn at 12 and at 30 minutes 
after 90 seconds at 9.0 m.p.h. and 8.6% grade on the treadmill. “30 min.’*, “60 min.** and 
“90 min.” refer to minutes after ingestion of 100 grams of glucose in 200 ml. Lactate and 
pyruvate are the increases observed at 90 minutes after glucose. 


VATitTA1?I.F.S 

PBE-EXPT, CONTROL 

PERIOD 

18-22 days 

1 28-32 days (end) 


placebo 

Control 

Placebo 

Control 

Placebo 

1 Control 


Mean 

db 

Mean 

± 

Mean 

db 

Mean 

=i= 

Mean 

=b 

Mean 

ds 

Basal lactate... 

ml 

m 

6.09 

1,08 

6.83 

1.97 

6.70 

1.41 

11.1 

3.07 

7.23 

2.42 

Standard 


m 











lactate 




! 

12.1 

4.51 

8.92 

2.58 

11.1 

3.18 



Basal 













pyruvate 

0.96 

0.15 

1,01 

0.14 

1.02 

0.21 

0.92 

0.20 

1.01 

0.23 

1.03 

0.37 

Standard 


! 











pyruvate... . 


1 



1.59 

0 . 45 ! 

1.27 

0.21 

1.48 

0.58 



12 Min. lactate. 

78.7 

10.7 

80,5 

17.5 

88.2 

17.2 

92.7 

17.2 

81.9 

9.5 

85.2 

8.9 

30 Min. lactate. 

45.8 

11.8 

47,1 

18.8 

49.7 

14.8 

51.3 

15,8 

35.9 

7.9 

41.0 

9.4 

12 Min. ; 













pyruvate 

4.27 

0.67 

4.39 

0.66 

5.09 

0.50 

4.72 

0.57 

4.27 

0.46 

4.90 

0.13 

30 Min. 













pyruvate 

3.28 

0.79 

3.42 

0.92 

4.02 

0.68 

3.49 

0.63 

2.90 

0.14 

3.13 

0.37 

Lactate after 







i 

i 





glucose 

+1,36 

3.55 

+4.46 

2.05 

+3.78 

2.11 

+2.27 

1.79 

-1.49 

3.67 

+3.13 

1.24 

Pyruvate after 



I 










glucose 

+0.18 

0.18’ 

+0.31 

0.24 

+0.39 

0.13 

+0.09 

0.15 

-0.11 

0.29 

+0.24 

0.11 

Basal glucose. . 

70.8 

5.7 

72.7 

3.5 

72.2 

6.8 

72.7 

3.0 

64.7 

6.7 

77.0 

1.9 

30 min. glucose 

90.0 

11.5 

103.5 

14.0 

101.0 

11.2 

122.7 

14.3 

73.2 

6.0 

115.2 

13.9 

60 min. glucose 

88.1 

11.4 

87.3 

25.7 

101.8 

27.3 

88.2 

16.6 

95.6 

9.7 

104.4 

25.8 

90 min. glucose 

70.5 

12.9 

72.0 

13,1 

92.1 

25.6 

73.8 

14.3 

83.4 

4.0 

69.6 

5.8 


Liver function. Attempts were made to discover possible indications of im- 
paired liver function by means of a series of tests and measurements in the pre- 
experiment control period and at the time when deficiency signs were most mani- 
fest. No changes were found in the intravenous hippuric acid test (Quick, 
1936, 1939), blood bilirubin (Malloy and Evelyn, 1937), phosphatase (Flood, 
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Gutman and Gutman, 1937 ; Weise and others, 1939) or prothrombin tima (cf . 
Warner, Brinkhous and Smith, 1936; Quick, 1938). The cephalin-cholesterol 
flocculation (Hanger, 1939) was increased slightly in aU of the deficient subjects 
but in only one of the 4 controls. This small indication of abnormality was 
offset by the negative results in clearance tests for phenolsulfonphthalein and 
bromsulfalein. It is obvious that any impairment in live function which may 
have been produced must have been very slight. 

TABLE 6 

Final emptying time, in minutes^ of the stomach after a standard meal of oatmeal and barium 

sulphate 


Measurements made before the critical diet, on the 14th day of the experiment, and after 
vitamin supplementation following the experiment 


GROUT AND SUBJECT 

BEFORE 

u 

DAYS 

AFTER 

GROUP AND SUBJECT 

BEFORE 

14 

DAYS 

AFTER 

Defic. G 

120 

90 

150 

Control, N 

90 

90 

90 

Defic. Wi 

90 

120 

60 

Control, Jo 

150 

120 

150 

Defic. S 

60 

90 

60 

Control, Wa 

150 

210 

120 

Defic. Ja 

90 

105 


Control, T 

90 

120 

90 

Defic., aver 

90 

101 

90 

Control, aver 

120 

135 

105 


TABLE 7 

Values for pulse raie^ blood pressure and oxygen consumption in basal rest before and during 

(18th day) the experiment 


Pulse in beats per minute, blood pressure in millimeters of mercury, B.M.R. in milliliters 

of oxygen per minute 


SUB Jr 

PULSE 

SYSTOLIC BP 

DIASTOLIC BP 

B.M.R. 

Before 

During 

Before 

During 

Before 

During 

Before 

During 

G 

60 

48 

104 


72 

68 

224 

199 

Wi 

58 

62 

mm 

112 



212 

198 

S 

48 

48 



64 

58 

218 

mm 

Ja 

56 

52 

116 

114 

84 

72 

222 


N 

47 

45 

116 

112 

72 

66 

218 

217 

Jo 

60 

60 



64 

70 

246 

256 

Wa 

45 

40 

118 

118 

76 

80 

223 

225 

T 

46 

40 

112 


74 

76 

222 

230 


Cardiovascular and respiratory functions. Evidence as to cardiovascular and 
respiratory functions in work is discussed below in the section on physical 
^'fitness”. In rest these functions were little altered as indicated by pulse rates 
and blood pressures given in table 7. Subject G developed a resting brady- 
cardia which is not very marked in view of the low pulse rates shown by most 
of these subjects in rest even on adequate diets. Low heart rates are charac- 
teristically shoAvn by our well-trained subjects under our customary conditions 
of very complete relaxation in basal rest. 

Electrocardiographic records revealed no significant alterations other than a 
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general tendency toward low voltage in the deficient subjects at the time of 
their most pronounced debility. The measurements of heart size are given in 
table 8. They show no trace of cardiac enlargement but rather, in subjects 
G and Wi, a pronounced diminution in the size of the heart at the time when their 
symptoms were most severe; there was apparently some return toward normal 
after 10 days of thiamine. This change may be related to the partial starvation 
induced by anorexia and nausea; we have generally observed a sharp reduction 
in heart size in starvation experiments. 

The maximal capacity to transport oxygen and the amount of oxygen removed 
per liter of ventilation in maximal work are useful measures of total cardiovascular 
and respiratory function. Such measurements were made on the treadmill 
at 7.5 miles per hour and 8.6 per cent grade. Unfortunately the progressive 
illness of the deficient subjects, and particularly their nausea in extreme exertion, 
precluded the use of these measurements at the height of their symptoms but 
on the thirteenth day only subject G showed significant changes. These con- 

TABLE 8 


Heart size, in milliliters of total vohimej as measured by method of Keys and others (1940) 
Column headings give the number of days on the diet 


SUBJECTS 

BEFOSE 

DAY 11 

DAY 23 

DAY 31 

G 

391 

422 

329 

384 

Wi 

407 

394 

334 

368 

S 

503 

512 

512 

513 

J a 

579 

536 



N 

440 

426 

459 

448 

Jo 

501 

450 

482 

465 

Wa 

643 

636 

674 

655 

T 


546 

578 

539 


sisted in a decline in maximal oxygen transport to 3.00 liters per minute from 
a previous level of 3.28 and a fall in the milliliters of oxygen removed per liter of 
ventilation to 25.7 from the pre«experiment value of 38.5. 

Physical strength and endurance. The difficulties in appraising physical 

^^fitness’^ have been discussed elsewhere (Keys, 1943, 1944; Taylor and Brozek, 
1944). In general, such Appraisal involves one or more of the following: 1, 
strength; 2, apparent capacity to continue brief severe work; 3, apparent capacity 
to continue prolonged work; 4, pulse rate following brief severe work; 5, pulse 
rate during moderate work. Repeated observations in all these categories were 
made in the present experiment. 

It has consistently been the experience of this laboratory that simple strength, 
as measured by such tests as grip strength and back or leg lift dynamometers, 
is extremely resistant to deterioration in relatively short periods of debilitating 
conditions. The present results offer no exception. Neither grip strength nor 
back lift suffered any significant change in any of the men with the exception of 
an apparent slight fall in grip strength in subjects G, Wi and S in the latter part of 
the experiment (table 10). 
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The pulse rate in standard aerobic work (3.5 m.p.h. and 10 per cent grade) 
was measured every 2 to 4 days, each measurement representing the average of 
4 determinations in the last 10 minutes of a 60-minute work period. Only one 
subject showed any significant change before the completion of the work itself 


TABLE 9 

Scores in the Harvard Fatigue Laboratory Fitness Test 


SCTBJECX 

PRE EXPT. 

DAYS ON DIET 

3 

7 

11 

IS 

19 

23 

29 

33 

G 

72 

60 

49 

47 

53 

58 

* 

« 

77 

Wi 

51 

46 

44 

34 

26 

26 

* 

* 

28 

S 

87 

92 

85 

88 

95 

90 

85 

80 

84 

J a 

68 

64 

64 

69 

70 

66 




N 

79 

81 

78 

* 81 

80 

82 

74 

74 

79 

Jo 

71 

58 

67 

69 

81 

85 

76 

62 

50 

Wa 

48 

52 

63 

59 

61 

64 

59 

60 

59 

T 

38 

50 

44 

i 48 

50 

50 

46 

55 

55 


* Impossible to carry out tests. 


TABLE 10 

Average values for the tests of strength, speed and co-ordination 
Note that deterioration is indicated by decreasing scores in items 1, 2, 3, 4 and 8, and by 
increasing scores in items 5, 6 and 7, “Tapping Speed, InitiaT’, and “Final’^ list the 
average number of taps per second in the first 10 and in the final 10 seconds of a 30 second 
test . ‘ ‘Co-ordination I” gives the number of errors and ‘ ‘Co-ordination II^* the total dura- 
tion of those errors in the pattern tracing test. “Speed and Co-ordination” gives the 
number of successful ball-pipe passages in the ball and pipe test. Group C is the control 
(fully supplemented) group of subjects N, Jo, Wa and T. Group D is the deficient group 
of the subjects G, Wi and S who received only placebos until the 23rd day and thereafter 
received thiamine. 


PESIOO 


TEST 

Pre-expt. 

control 

Days of experiment 

4 

11 

IS 

23 

33 

Group 

B 

B 

C 

D 

B 

D 

B 

B 

B 

B 

C 

D 

1. Grip strength 

■ 

■ 

66 

55 

B 

57 

H 

B 

B 

52 

64 

52 

2. Back lift 

186 

138 

190 

139 

196 

146 

198 

136 

189 

139 

191 

142 

3, Tapping speed, initial 



69 

67 

67 

60 

69 

60 

71 

60 

72 

65 

4. Tapping speed, final 


j 

60 

59 

62 

56 

60 

55 

62 

55 

61 

58 

5, Gross reaction time 



73 

61 

82 

82 

75 

88 

76 

98 



6. Co-ordination I 



28 

26 

20 

32 

18 

43 

17 

42 

10 

27 

7. Co-ordination II 



158 

150 

S3 

188 

88 

271 

97 

261 

54 

149 

8. Speed and co-ordination 

74 

76 

75 

78* 

76 

72 

79 

69 

78 

70 

83 

76 


became impossible. Wi developed progressive tachycardia iu work after 10 
days OQ the diet ; the work he did initially with pulse rates of 142 to 146 per minute 
involved the rates of 160 to 167 per minute during the period from the twelfth 
to the seventeenth days. 
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The pulse rate following brief severe work also was less affected than might 
be expected. In the present experiment the pulse rates were counted for the 
periods 0 to 15, 60 to 75 and 120 to 135 seconds following a 90-second run on the 
treadmill at 9 miles per hour and 8,6 per cent grade. The results are summarized 
in figure 5. The changes were small in all cases but the deficient subjects 
G, Wi, S and Ja all showed consistent increases at 60 to 75 seconds after 14 days 
and at 120 to 135 seconds after 33 days. Obviously the vitamin restriction had 
relatively only small effects on the functions concerned in this measurement. 

The Harvard Fatigue Laboratory Fitness Test involves both pulse rate and 
presumed capacity to continue brief severe work. The scores in this test are 
listed in table 9. It is clear that the men who had been on an adequate diet 
for the preceding 6 months were unchanged at all times as appraised by this 



Fig. 5. Average pulse rates following standard ^‘anerobic” work for the ‘‘controls’’ 
(N , Jo, Wa, and T) and for the “placebos” (deficient subjects G, Wi, S and Ja) at the start 
and at 14 and at 32 days on the regimen. 

Fig. 6. “Endurance” of subjects G and Wi as indicated by the percentage of the daily 
treadmill work completed. Note that all other subjects completed the full task every day. 

test. Subjects G and Wi showed a rapid and progressive deterioration until 
thiamine was administered. An interesting result was the apparent improve- 
ment in the first week shown by Wa and T who had previously been on a diet 
judged just under adequacy. 

The performance in the prescribed daily exercise can be used as an indication 
of capacity to endure moderately hard work. All the men (including S and 
also Ja until he was removed), except G and Wi regularly completed this work 
at aU times. The performance of subjects G and Wi is depicted in figure 6. 
The declines in apparent endurance of these men after the first 8 days are striking 
as are their recoveries associated with thiamine supplementation alone. 

The general result of these tests and measurements seems to be that only the 
endurance element of ‘"fitness” was markedly altered and that only the combin- 
ation of present total deficiency with prolonged previous slight inadequacy pro- 
duced striking changes within the period of this experiment. 

S'peed and co-ordination. The average results from the psychomotor tests 
of speed and co-ordination are summarized in table 10. In general, all of these 
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measures showed slight to marked deterioration in the deficient group in com- 
parison with the controls. These effects were visible in G and Wi by the 11th 
day of the experiment and tended to reversal after 10 days of thiamine supple- 
mentation. Both S and Ja resisted deterioration for about a week longer. 

Maximal tapping speed remained very constant in the control group at all 
times so that the validity of the small but consistent reductions in the deficient 
group was clearly established. The choice-reaction-time for gross body move- 
ment increased in both groups but the increase in the deficient group was much 
larger than in the controls. The pipe-and-ball test which demands both a 
combination of speed and co-ordination more clearly differentiated the 2 groups, 
the controls showing a moderate practice improvement while the deficient men 
deteriorated and then, after thiamine, returned to about the initial level. 

The pure co-ordination test (pattern tracing) very sharply differentiated the 
2 groups. The scores in table 10 are not strictly comparable with those in the 
longer previous period (table 8 in part I) because of apparatus changes which 
made the task more difficult and required an adjustment of the work method 
on the part of the subject. In the present experiment the controls demonstrated 
a good learning capacity and improved steadily throughout. The deficient 
subjects not only did not gain through practice but showed a progressive deteri- 
oration until thiamine supplementation reversed the trend. 

Subjective and personal appraisals. Self-rating and man-by-man rating ques- 
tionnaires covered subjective states and general behavior. These were used in 
the present experiment in the same way as in the preceding prolonged period 
(cf. part I, table 10). In contrast with the stability and normality pre\fiously 
exhibited, the deficient subjects showed a sharp rise in subjective complaints 
and reported deviations from normal. In terms of the scoring system used the 
average subjective abnormality score for the deficient men rose from 2.0 on the 
fourth day to 12.3 on the eleventh, 12.5 on the eighteenth and 17.3 on the twenty- 
third day. After 10 days of thiamine supplementation the score fell to 4.0. 
The respective average scores for the control group at the same times were 1.5, 
1.8, 1.8, 2.8 and 2.5. Man-by-man ratings, in which each subject appraised the 
relative behavior changes in each of the other subjects, gave closely similar 
results and checked with the appraisals by members of the Staff. 

Within the deficient group the 3 subjects, G, Wi and S, could not be differ- 
entiated on the basis of the subjective self-ratings. Subject Ja showed no real 
changes in either rating up until the time he w^as withdrawal from the experiment 
(after 18 days) . In terms of ratings of behavior by their fellows and by the Staff 
subjects G and Wi at all times were definitely considered to be much more 
affected by the regimen than w^ere subjects S and Ja. 

Personality and emotional adjustment The application of the Minnesota 
Multiphasic Personality Inventory on the twenty-second day of the experiment 
revealed significant alterations in status of all the deficient subjects. The major 
points are summarized in table 11. Scores of over 70 in this test are considered 
to be related to a relatively significant deviation in the direction of the psychiat- 
ric characteristics listed. The very high scores for hypochondriasis, for Hepres- 



34 


KEYS, HENSCHEL, TAYLOE, MCKELSEN AND BEOZEK 


sioa and for hysteria are especially notable. In contrast, the controls showed 
only minor changes and these are readily explained by the tension created by 
the general rigidity and severity of the experimental regimen. 

The group Rorschach test (Harrower-Erickson and Steiner, 1944) gave results 
which are interesting but did not reveal any consistent effects of the vitamin 
deficiency. The same was true of total performance in R. B. CattelPs Cursive 
Miniature Situation Personality Test (Cattell, 1941). However, the deficient 
subjects showed a distinct rise in the einotionality score in this test and this 
diminished after thiamine administration. All of the scores for the control 
subjects remained within narrow limits in CattelPs test. The studies on person- 
ality and emotion will be presented in detail elsewhere. 

The sensory functions. Auditory acuity was repeatedly tested with each ear 
separately, making 3 ascending threshold determinations for each of 11 sound 

TABLE 11 

Standard scores in the Minnesota Multiphasic Personality Inventory on the scales: Hypo- 
chondriasis {Hs), Depression (2)), Hysteria (Hy), Psychopathic Deviation (Pd), Paranoia 
(Pa), Psychasthenia (Ps), Schizophrenia (Sc), and Hypomania (Ma). 


Normal average for each scale = 50, standard deviation » lo . Averages for the men in 
the deficient and in the control groups just before and after 
22 days in the present experiment 


GSOUP AND PESIOD 

Hs 

D 

Hy 

rd 

Pa 

Pt 

Sc 

Ma 

Deficient, before 

46 

58 

55 

54 

55 

54 

57 

60 

Deficient, after 

80 

89 

83 

68 

i 

63 

67 

69 

61 

Control, before 

45 

52 

59 

45 

53 

47 

45 

46 

Control, after 

58 

62 

69 

49 

55 

47 

48 

47 


frequencies. No significant changes in hearing were found at any frequency 
at any time in any of the subjects. 

Flicker fusion frequency (Simonson and Enzer, 1941 ; Brozek and Keys, 1944) 
and perceptual fluctuation (the geometrical interpretation of drawings of ambigu- 
ous cubes), both of which probably emphasize the cortical element of visual 
experience, showed small but reasonably consistent reductions in the deficient 
subjects and in none of the controls. 

Measurement of the extent of the angioscotomata (paracentral extensions 
of the blind spot) with the stereocampimeter (Evans, 1938) showed pronounced 
effects of the vitamin deficiency. In terms of relative area the angioscotomata 
in subjects G and Wi were increased almost 3-fold in 2 weeks while subjects S 
and Ja, as well as the control subjects, showed no changes at any time. Just 
before thiamine administration (day 23) the scotomata attained still larger sizes 
in G and S but were quickly restored to normal thereafter. 

Vibratory sensitivity was estimated in each subject on 5 occasions during this 
experiment by application of the bone-conduction unit of the audiometer 
(^'Maico'^ model D5) to the external malleolus and to a fixed spot on the sole 
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in the arch of the foot. The vibrator was applied with a pressure of TOOilOO 
grams and a frequency of 128 double vibrations per second. None of the subjects 
exhibited any change in threshold in either location at any time. 

Sensitivity of the calf muscles to deep pressure has been stated to increase 
early in thiamine deficiency (Williams and others, 1940; Jolliffe, 1942; Barborka 
and others, 1943). Attempts were made to estimate this both by digital trial by 
experienced neurologists and by a quantitative test in which the pressure was 
applied with a blood pressure cuff. Neither method gave consistent indications 
of really significant changes though 2 of the neurologists were of the opinion 
that subjects G and Wi a^^ually had some slightly increased sensitivity to deep 
muscle pressure. These results and those from other sensory test methods will 
be discussed in detail elsewhere. 

Intellective functions. An endeavor was made to obtain an objective appraisal 
of intellective functions and the effects, if any, of the vitamin restriction on them. 
Five of the primary mental abilities isolated by Thurstone (1941), were tested: 
1, the number factor was appraised by a multiplication test; 2, the space factor, 
i.e., the ability to understand spatial relations, w^as tested by performance 
in the comparison of two-dimensional geometric figures; 3, word fluency was 
estimated from the recall of words beginning with a designated letter; 4, im- 
mediate memory was tested as the ability to memorize word-number combina- 
tions; 5, inductive reasoning was appraised as the ability to supply missing units 
in a series of letters arranged in complicated schemes. In addition, perceptual 
speed was tested by checking errors in pahs of supposedly identical numbers. 
AttentioUj defined as the ability to attend continuously to oral series of 3 digit 
numbers, was also measured. All these tests had been practiced so that perform- 
ance in them at the start of the acute restriction was at plateau levels. 

The results cannot be discussed in detail here but the most important finding 
was that these functions, in general, proved remarkably stable in the face of the 
vitamin deficiency. Only in spatial manipulation and in number ability was 
there a consistent decline in the deficient group and even in these tests the changes 
were small. These latter fimctions tended to return to the previous control 
level of performance after a few days of thiamine supplementation alone. 

Discussion. The present experiment suffers from several limitations, the most 
serious being the small number of subjects. The results might have been more 
apparently impressive if haK of the men had not been controls but a true control 
group was essential. It could not be known, beforehand, that the several func- 
tions and appetite would remain normal and reasonably constant in the control 
situation. It was fortunate that a high degree of consistency characterized 
the results with the different individuals in the several groups. In general the 
findings with subjects G and Wi were closely similar and the rate and severity of 
their deterioration clearly differentiated them from subjects S and Ja. Further, 
these 4 men were well differentiated from the 4 controls, all of whom behaved 
reasonably consistently. 

It was not expected that anorexia and nausea would dominate the symptoms 
as they did. It must be emphasized that after the first week or two the food 
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intake of the deficient subjects was maintained only by persuasion and the 
determination of the men to co-operate to the fullest extent. Apparently normal 
men ordinarily would never self-induce precisely this form of acute vitamin 
deficiency because voluntary starvation would mter\’'ene. In the present ex- 
periment it is important to distinguish the deterioration resulting from partial 
starvation alone from that due du-ectly to the vitamin lack. While we have 
no exact parallel control on this point we do have experience from numerous 
other experiments with pure starvation. From such comparisons it can be 
af&rmed that the changes in function observed here must be ascribed at least 
in very large part to the vitamin deficiency alone. 

The utility and sensitivity of the special test procedures used here were weU 
demonstrated. Aside from nausea, the deficiency observed must be considered 
largely “sub-clinical” because the most careful clinical examinations failed to 
reveal any really positive abnormalities besides the small peripheral nerve in- 
volvement as indicated by borderline changes in sensation in the lower extrem- 
ities. It should be noted that even these rather dubious changes probably would 
have been considered insignificant if the neurologists had not made control 
examinations on the same men before and after their deficiency. The complete 
absence of oral, cutaneous and comeal changes is important. 

There is no doubt that the previous dietary regimen affected the onset and 
severity of the symptoms. In this regard there is good support for the conclusion 
as to sMght inadequacy of the low diet used for 6 months prior to the present 
experiment. It is notable that the 2 men (S and Ja) whose previous diet had 
been reasonably good were able to maintain essential constancy and normality 
of all functions, including capacity for hard work, for at least 2 weeks on the very 
low \’itamin intake. This would seem again to refute the arguments of Jolliffe 
et al. (1939), of Johnson et al. (1942) and of Archdeacon and Murlin (1944) for 
the appearance of symptoms and physical debility in a very few days on diets 
supplying at least 10 to 30 times as much of the B vitamins as provided here 
(cf. Keys, Henschel, Taylor, Mickelsen and Brozek, 1944). 

One of the unexpected findings was the relative stability of pyruvic acid 
metabolism. Though changes did occur these were much less than might have 
been expected from some reports (Lu, 1939; Platt and Lu, 1939). Marked 
changes in the lactate: pyruvate ratio (cf. Stotz and Bessey, 1942) were absent. 
In addition to the blood data discussed above, pjnruvic acid in the 24-hour urine 
was measured every second day. The pyruvic acid excretion stayed within 
the previous normal limits (about 20 to 40 mgm. daily) in all men for the first 
14 days and in N, Jo, W^a and T for the entire 32 days. In the third week, how- 
ever, the values for G and Wi rose, respectively, to 147 and 56 mgm. Subject 
Ja showed no rise until his withdrawal from the experiment after 18 days while 
subject S showed a rise only to a maximum of 42 mgm. on the twenty-second 
day. In these acute conditions it appears that abnormality in p3nuvic acid 
metabolism is by no means one of the earliest signs of deficiency. We may recall 
the report of Shils, Day and McCollum (1941). 

It is interesting to list the major functions or areas of performance in the order 
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in which deterioration appeared. It should be noted that this order was approxi- 
mately the same for all of the deficient men: 

First — gastrointestinal (anorexia and nausea). 

Early — emotional (depression, etc.), psychomotor (co-ordination), ^ ‘fitness’^ as esti- 
mated from willingness to continue severe work. 

Late — ^metabolic (lactic and pyruvic acid), neurological (including peripheral sensa- 
tion) cardiovascular (heart rate during and after exertion), endurance (moderate to 
fairly severe work). 

Very late or resistant — strength, general body chemistry, liver function, special senses, 
intellective functions, riboflavin and F2 excretion. 

All of the evidence here tends to indicate that the deficiency in thiamine 
overwhelmingly dominated the picture and no real deterioration was discovered 
to be related to the deficiency in the rest of the B complex. Only in this way 
can we explain the very clear and even dramatic improvement in all of the areas 
of debility which was produced by thiamine supplementation while continuing 
the same diet deficient in the other B vitamins. 

It may be of interest to record here that at the end of the 33 days on this 
regimen all of the subjects returned to a good diet where they were able to indulge 
their wishes for foods withheld for some eight months — meat, milk, eggs, fresh 
fruits and vegetables. So far as could be discovered all the men were fully 
restored to normal within about 3 weeks and no residues could be discerned. 
With one exception, subject N, all of the men immediately volunteered again 
for similar experiments. 

Performance-capacity tests were extensively used in this study and several 
tests, particularly those involving muscular co-ordination and effort, appeared to 
be useful indicators of certain aspects of ^^fitness’^ and the deterioration resulting 
from deprivation of the B vitamins. Several other research groups have relied 
very heavily on ^ ^maximal” performance tests in appraising vitamin effects 
(Johnson and others, 1942; Barborka, Foltz and Ivy, 1943; Archdeacon and 
Murlin, 1944). Since the validity of all conclusions from such tests depends 
on the attendant conditions even more than on the methods it is necessary to 
make some comments here. A full discussion of this complex subject wfill be 
presented elsewhere. 

The results in all performance-capacity tests depend both on actual capacity 
and willingness to exert that capacity. Optimal, or at least constant, motivation 
is fundamental but it is almost impossible to judge motivation by simple observa- 
tion or questioning the subjects. In the present study confidence in the per- 
formance test results is strengthened by the following considerations: 1. The 
subjects did not appreciate their own nutritional status until differentiation 
between the several groups by the performance tests was well established. Even 
then several control subjects persisted in believing themselves deficient. 2. The 
subjects volunteered for the hardships of the experiment in fuU knowledge that 
their participation would be useless unless they continued maximal effort in 
the tests throughout. Realization of the requirements for making their contri- 
bution effective was prominent at all times. 3. Emotional stimulants such as 
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“pep talks”, threats or promises were carefully avoided as were all suggestive 
influences including expressions of concern or sympathy. 4. The subjects were 
completely adjusted to the experimental conditions. In the course of 7 months 
prior to the present experiment they became habituated to taking performance 
tests in a context designed to produce a motivational “set” aiming at optimal 
performance. 5. Under constant conditions before and during this experiment 
the performance levels were satisfactorily constant. The changes shown by the 
deficient subjects were much larger than observed in the controls or in the months 
of previous testing. 6. Changes in performance in the deficient group were not 
general but appeared to be characteristic for specific performance functions. 
7. The direction and progression of changes in performance level were regular, 
parallel to the progressive vitamin depletion and at least partly reversible by 
thiamine alone. Reasonable physiological interpretation was applicable. 

The necessity for validating the evidence in something like the foregoing 
manner should be recognized for all researches employing performance-capacity 
tests and this is not obviated simply by procedural or apparatus variants. In 
the Harvard fitness test pulse rate and time factors have been combined in an 
effort to reduce the dominance of motivation. The pulse rate factor is useful 
in detecting grossly inadequate effort but in the range of fitness and motivation 
generally obtained in this laboratory we have not found the pulse rate factor 
to add importantly to the information provided by the time alone. 

In the introduction to this paper 4 questions were asked. It would seem that 
significant progress was achieved in reducing the areas of uncertainty represented 
by each of these questions: 1. It can be affirmed that many of the quantitative 
methods of this laboratory are sensitive to real deficiency and that they are much 
more discriminating than ordinary clinical procedures. 2. The deficiency itself 
has been characterized quantitatively over a wide variety of functions. 3. 
There can be no doubt that prolonged subsistence at a level just less than ade- 
quate for all ordinary functions results in abnormally rapid deterioration on a 
subsequent very deficient regimen. 4. Finally, thiamine is by far the most 
important of the B vitamins in these very acute conditions. 

There are obvious limitations to the conclusions which may be drawm safely 
from the present experiment. The results pertain strictly only to relatively 
normal disease-free young men. The vitamin deficiency of the diet far exceeded 
anything which may be expected to occur naturally. Finally, in spite of the 
efforts to encompass a large part of the whole of human functions, there remain 
considerable sectors not covered. We can say nothing about effects on resistance 
to secondary stresses other than presented in the tests themselves. Such un- 
explored stresses included heat, cold, intense emotions, infections, loss of sleep, 
anoxia, physical trauma and hemorrhage. Further, the present tests and 
measurements were inadequate in some of the special senses (taste and smell), 
in gastro-intestinal and renal functions. More evidence certainly would be 
desirable on endurance and prolonged attention. We have no data on the sexual 
and reproductive functions. All of these points are mentioned here not so much 
to point out the present limitations — ^which are readily apparent — ^as to em- 
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phasize the fact that until all of these factors are properly assayed any conclusions 
on \dtamin requirements and total deficiency effects must be considered tentative. 
Clearly final answers vill be long delayed. It is proper to insist, however, that 
there is little reason to believe more complete coverage will necessarily point to 
higher vitamin requirements or to more profound effects of deficiency. 

Extensive discussion of the literature seems unnecessary here. Strictly 
comparable experiments have not hitherto been reported and in no studies else- 
where has there been attempted even relatively comparable completeness of 
quantitative objective evaluation and control. Increasing experience intensi- 
fies our conviction as to the extreme diflSculty in evaluating “fitness"’ and over- 
all function and the unreliability of both clinical impressions and the results of 
imcontroUed performance-capacity tests. 
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SUMMARY 

1. Eight normal young men subsisted for 33 days on a diet adequate except in 
B \itamins which were extremely limited — 0.008 mgm. of thiamine, 0.013 mgm, 
of riboflavin and 0.1 mgm. of ribofla^’in per 1000 Calories. Daily capsules 
provided adequate B ^dtamins to 4 of the men; the other 4 men received placebos. 
The activity was set at 4000 Cal. daily. 

2. Half of the men in each group had subsisted for 6 months previously on an 
adequate intake of all nutrients except B vitamins which were restricted to about 
one-third of the National Research Council Recommended Allowances. The 
other men had received the same diet plus adequate supplements of the B 
vitamins. Accordingly there were 2 men in each of 4 groups with reference to 
previous and present diets: restricted-deficient, control-deficient, restricted- 
control, control-control. 

3. Anorexia, and later nausea and vomiting, began in the restricted-deficient 
men after about 8 days and progressed to almost complete inability to eat in 
18 to 20 days. The control-deficient men showed the same changes with a lag 
of 5 or 6 days. After 23 days the men in both these groups were given daily 
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supplements of thiamine only with a rapid return of appetite and regression of 
other symptoms and functional abnormalities. 

4. The 24-hour urinary excretion of thiamine fell to the vanishing point in 
2 to 4 days in all the deficient men. The excretion of riboflavin in these men 
also fell abruptly but tended to stabilize in a week at levels considerably in 
excess of the intake. The excretion of F 2 showed no marked relation to the 
intake of niacin in any of the men. 

5. Changes in blood chemistry in the deficient men were primarily increases 
in both lactic and pyruvic acids in rest, in work and after glucose ingestion. 
These changes were insignificant up until 2 weeks and even thereafter were 
slight. Gastric emptying and tests of liver function showed no significant 
changes. Basal metabolism was substantially constant. 

6. The restricted-deficient men showed progressive and eventually marked 
deterioration in endurance, co-ordination and '^fitness” with trifling or absent 
effects on strength, vision, hearing and speed. Similar results were obtained 
with the control-deficient men with a lag of about a week. 

7. Simple muscle efficiency was unaltered but cardiovascular capacity and 
respiratory efficiency were reduced by the deficiency. There was a diminution 
of heart size but no important electrocardiographic alterations. All of the de- 
ficient men showed pronounced tachycardia in work but only one of them devel- 
oped resting bradycardia. 

8. Intellective fimctions w^ere resistant to the deficiency but there were marked 
changes in personality toward apathy, depression and hypochondriasis. 

9. Detailed clinical, opthalmological and neurological examinations w^ere 
largely negative except for minor indications of neuropathy in the legs. 

10. The control subjects exhibited satisfactory constancy of all variables and 
functions tested. 

11. Thiamine was much the most important B Autamin in this acute restriction. 
The bodily stores of thianoine are effective for at most a few weeks under these 
conditions. 

12. The present results confirm the conclusion that the restricted diet de- 
scribed in part I of this paper was less than adequate or optimum, at least in 
thiamine, but that such inadequacy represented only a loss of a few days in 
the margin of safety. 

13. It is concluded that the quantitative objective methods for estimating 
function used in this laboratory are properly sensitive to vitamin deficiency and 
are suitable to characterize the effects of diet on fitness, performance-capacity 
and the functional state. Serious limitations in both sensitivity and reliability 
of clinical methods in acute deficiency of the B vitamins were demonstrated. 
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That the hydi’ogen ion concentration within the secretory cell is an important 
factor in determining the response of the siibmaxillaiy gland stimulated by pilo- 
carpine was suggested by Eddy (1929, 1930, 1931) in an extensive series of ex- 
periments relating salivary flow to acid-base equilibrium changes and to blood 
flow changes. A partial confirmation of this suggestion was accomplished by 
Brassfield (1936) Avhile comparing the pH changes of saliva with those of blood 
during the administration of gaseous mixtures low in oxygen and during intra- 
venous injection of C 3 "anide, The initial effect of those procedures was an 
increase in the pH of both blood and saliva which was attributed to the lowered 
COo tension as a consequence of the augmented pulmonary ventilation. The 
decreased acidity was accompanied by a decreased secretory rate. Following 
the initial effect, the salivaiy pH decreased, presumabl}" as a result of the for- 
mation within the gland of acid metabolites caused b^' the impairment of oxida- 
tions. It was concluded that the increase in acidity within the gland induced 
an increase in saliva flow in spite of the lack of oxygen and the continued high 
blood pH. 

The object of this study has been to enquire further into the effects of intra- 
cellular acidity as reflected by changes in saliva pH upon secretoiy rate and the 
probable mechanisms hy Avhich the hj^drogen ion effects upon saliva flow are 
achieved. 

Methods. The siibmaxillaiy gland of anesthetized dogs was stimulated 
continuoush' hy a constant injection of pilocarpine; saliva flow was followed 
with a modified Gibbs drop recorder; gases Avere administered and injections 
made as previously described (Brassfield, 1936). pH determinations and contin- 
uoii"! pH curves were made and recorded for both blood and saliva by means of 
,j?lass electrodes. The continuous pH curves for both blood and saliva were 

jorded manualh' as were the continuous curves for saliva pH in the previous 

iidy. 

Results. Figure 1 shows tj^pical results obtained by o^^erventilating an 
animal with room air hy means of a respiration pump. Saliva floAV is diminished 
75 per cent. A marked decrease in the h^^drogen ion concentration of the blood 
is indicated b}" the increase in pH from 7.33 to 7.70. The Iwdrogen ion concen- 
tration of saliva is decreased also but the change is small (0.03 pH). 

Although on the record the pH increase in salh’a appears to occur during re- 
coveiy from the proceduio, actualh" this change takes place during the period of 

^ Aided by a grant from the Rackham Foundation. 
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overventilation. This lag in recording is not due to any sluggishness on the part 
of the glass electrode, but to the capacity of the system consisting of the ducts, 
cannula and connections with the electrode. By the use of buffers injected into 
the duct at the hilus of the gland it was found that the lag consisted of at least 
10 drops. Obviously there must be a few more drops contained in the collecting 
ducts. 

The removal of CO 2 by the pulmonary overventilation accounts for the marked 
alkaline change in the blood. The lowering of the CO 2 tension of the blood in- 



Figs. 1-6. Records of typical experiments showing responses to various procedures . The 
saliva pH curve has a lag equivalent to the flow of at least 10 drops of saliva. The broken 
line representing saliva flow is plotted from the drops indicated at the top of each record. 

creases the CO 2 diffusion gradient between the gland cell and the blood, thereby 
providing a means for rapidly decreasing the CO 2 tension of saliva and thus in* 
creasing salivary pH. Since the salivary pH change is much smaller than the 
pH change of the arterial blood it is obvious that some other factor is also m- 
volved in determining the saliva pH. This is explained further in the discussion 
below. 

On returning the animal to natural ventilation saliva flow and reaction exhibited 
a marked overshooting in the opposite direction but the blood pH showed only 
a small overshooting (0.02 pH). The marked overshooting of the saliva acidity 
as compared with that of the blood points to the increased gland acidity as being 
the chief cause of the enhanced salivary flow. 
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Having shovm that artificial overventilation does decrease saliva flow and 
salivary acidity in a manner similar to the initial effects of low oxygen adminis- 
tration, and since it was inferred that the reduction of CO 2 was the causal factor 
in both cases, the next step in these experiments consisted in studying the effects 
of a gaseous mixture of carbon dioxide and low oxygen which would produce a 
CO 2 tension near that of the blood. Figure 2 illustrates the effects obtained by 
the administration of 9.2 per cent oxygen with a 4.83 per cent carbon dioxide. 
This will be seen to have caused only a decrease of 0.01 pH in the blood at the 
beginning of the procedure. Subsequently the acidity of both blood and saliva 
are increased but saliva shows the first and greater change if correction is made 
for the lag of the electrode. Saliva flow" is increased 33 per cent at the beginning 
in contrast to the initial slow"ing previously observed w"hen low oxygen alone is 
administered. A subsequent slowing of flow, however, takes place when the 
animal begins to show signs of respiratory and circulatory failure. On returning 
the animal to room air a further increase in acidity of the saliva is evident to- 
gether with an increase of 50 per cent in flowr w^hile the pH of the blood shows 
an immediate inflection toward the preadministration value. These increases 
in flow are related to increased intracellular acidity rather than to the changes 
of the blood. The initial increase in flow accompanies the acid increase in saliva 
and precedes the blood change. Also, during recovery the flow is increasing 
while the blood is turning more alkaline. 

From the alkaline effect observed in saliva as a result of blowing off CO 2 
by overventilating with room air it w"as expected that the administration of air 
containing a high percentage of CO 2 would produce an acid change in saliva. 
Figure 3 shows that a high CO 2 mixture does produce an initial increase in the 
hydrogen ion concentration of the saliva as w^ell as of the blood. But w^hile the 
acidity of the blood continues to increase with rebreathing of the mixture that 
of the saliva decreases. On returning to room air the hydrogen ion concentration 
of the saliva decreases still further, although this decrease (0.14 pH) is less than 
the increase (0.24 pH) at the beginning of the high CO 2 administration. Secre- 
tory rate parallels the acid changes of the saliva. The highest rate of flow* occurs 
at the beginning of the procedure w"here an increase of 180 per cent is observed. 

Mixtures containing less than 8 per cent CO 2 usually produced an initial as 
as w"ell as a late alkaline change in the saliva in contrast to the initial acid and 
late alkaline change occurring wdth the higher percentages. Secretion rate, 
however, increased during these administrations without show"ing the late de- 
crease characteristic of the higher percentages. On returning to room air a 
further increase in alkalinity wnuld occur accompanied by a decrease in saliva 
flow. 

In contrast to these results, however, we have noted that the administration 
of carbon dioxide may produce parallel changes in the pH of both blood and saliva 
under two conditions: 1, after the gland has been stimulated by the continuous 
mjection of pilocarpine for a period of three or four hours; 2, w’'hen the animaFs 
blood pressure has fallen to a level around 60 mm. Hg. In these tw"o cases the 
initial increase in saliva flow is much less than that observed under more favorable 
conditions and the accelerated flow is only transient. 



46 


CHAELES R. BRASSFIELD 


Figure 4 shows a record typical of the effects of rapid intravenous injections 
of lactic acid. The blood is characterized by a rapid increase in acidity followed 
by a rapid decrease accompanying the increased pulmonaiy ventilation and the 
complete mixing of the injected acid with the blood. Recovery of the blood 
reaction then takes place rather slowly. Saliva becomes rapidly more acid 
and then gradually recovers. Secretion rate greatly increases immediately 
following the beginning of the injection, in this experiment 300 per cent, and then 
returns toward the preinjection rate, rapidly at first and then more slowly. 

A small or slow injection of lactic acid, while always increasing the flow of 
saliva and the acidity of the blood, usually decreases the acidity of the saliva 
which is m keeping with the effects of administering gaseous mixtures containing 
carbon dioxide below 8 per cent. 

Injecting sodium bicarbonate invariably produced a decrease in the acidity of 
the blood and a decrease in saliva flow, but the effects upon saliva pH were not 
uniform. Usually the pH of the saliva followed the directional changes of 
the blood pH as illustrated in figure 5. Sometimes, however, the saliva would 
show an initial increase in acidity followed by a decrease below the preinjection 
level. In some animals no change at all in salivary reaction could be observed 
as a result of bicarbonate injection. 

Figure 6 illustrates the effects produced by the injection of a 1.5 per cent solu- 
tion of ammonium chloride. No great increase in the acidity of the blood occurs 
as the decrease of only 0.04 pH indicates. The saliva, however, shows a marked 
increase in acidity as attested by the 0.59 pH decrease. The acid directional 
change in the saliva is accompanied or preceded by a 100 per cent increase in 
salivary flow* 

Discussion. Lowering the alveolar CO 2 tension by artificial overventilation 
with room air produces effects in the pH of both blood and saliva sinoilar to those 
occurring during the initial period of h 3 rperpnea caused by the administration 
of gaseous mixtures low in oxygen. In neither procedure, however, is the change 
in saliva as great as in the blood. At least t-wo possible explanations may be 
advanced to account for this difference. One is that saliva produced by pilo- 
carpine has a CO 2 content about twice that of blood (de Beer and Wilson, 1932; 
McClanahan and Amberson, 1935) which would give the saliva greater buffering 
power against changes in CO 2 tension. However, prelimmary experiments show 
(Brassfield and Behrman, 1937) that saliva elicited by pilocarpine has no greater 
buffering powder against CO 2 than has blood. The other is that salivary content 
of sodium varies with the rate of secretion (Gregersen and Ingalls, 1931). Since 
there is a decreased rate of secretion in the two instances this would mean a 
decrease in the sodium content and therebj^ the total base, thus tending toward 
a more acid saliva, but the gland itself would be more alkaline. The sequence 
of events would be: alkaline blood, alkaline gland, reduced saliva flow, reduced 
saliva base, and increased saliva pH. The saliva reaction would then be the 
resultant of the effects of its reduced CO 2 tension and decreased content of base. 

That the loss of CO 2 is a factor, however, in determining the increased pH 
of saliva during low oxygen administration is indicated in the experiments typified 
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by figure 2 in which CO 2 loss was prevented during low oxygen administration. 
The saliva now becomes more acid because of the accumulation of the acid metab- 
olites resulting from the anaerobic metabolism. It is assumed that the gland 
also becomes more acid. If a decrease in the intracellular acidity of the gland 
either during the initial hyperpnea of low oxygen administration or during a 
period of overventilation with room air can decrease the flow of saliva, it seems 
reasonable to assume that the increased intracellular acidity occurring during 
the administration of the asphyxial mixture (fig. 2) is responsible for the in- 
creased saliva flow. The anaerobic metabolism alone is not capable of maintain- 
ing the secretion for long, but the increased acidity thus produced in the gland 
enhances secretion again when oxygen becomes available. 

If CO 2 tension changes and varying amounts of base in the saliva with varying 
rates of secretion can account for the saliva pH changes during overventilation 
with room air, the pH changes in saliva during the administration of gaseous 
mixtures contaming high CO 2 might be expected to have a similar explanation. 
The increased tension of arterial CO 2 thus produced would drive CO 2 into the 
tissues to make both the gland and the saliva more acid. But while the saliva 
turns acid at the beginning of the administration the increased salivary flow 
induced by the increased intracellular acidity in turn brings about the elimination 
of proportionally greater amounts of base. The increased amount of base in the 
saliva prevents as great a decrease in its pH as in the blood. The subsequent 
alkaline swing could be due to the further increased elimination of base as a 
consequence of the increased rate of secretion, and the alkaline change on re- 
turning to room air would be due primarily to the diminution of the CO 2 tension. 
The initial alkaline change in saliva produced by the lower CO 2 mixtures indicates 
that base is being eliminated from the gland in greater proportion to the amount 
of CO 2 entering the gland than is necessary to buffer the excess CO 2 . The greater 
acid changes in the saliva from the fatigued gland may be taken as an indication 
of the inability of the secretory’' mechanism either to extract base from the blood 
or to liberate it from the gland. 

The pH changes in saliva parallel those of blood following large injections of 
lactic acid and may be explained on the basis of an exchange of blood lactate for 
gland bicarbonate. This is in harmony with the results of Benetato and Oprisiu 
(1938) who found an increase in the lactates and acidity of parotid saliva of 
dogs immediately following exercise when the blood lactates were high. The 
rise in the pH of saliva follovnng small or slow injections of lactic acid is in 
keeping with the results of Hug and Marenzi (1928), de Beer and Wilson (1932) 
and McClanahan and Amberson (1935) with hydrochloric acid. It is of interest 
to note that small or slow injections of acid produce similar effects upon saliva 
pH and flow as do administrations of low percentages of CO 2 . It seems probable 
that a similar explanation holds for the saliva reaction in both procedures. 

The variability of salivary pH changes following bicarbonate injection is in 
accord with findings in human saliva (Bloomfield and Huck, 1920; Starr, 1922; 
Mayr, 1931). Gesell and Hertzman (1926) showed that an acid sving occurred 
in cerebro-spinal fluid wdth rapid injections of bicarbonate which produced respir- 
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atory stimulation. Marshall and Nims (1940) foimd that the pH of the fluid 
on the surface of the cerebral cortex was sometimes acid and sometimes alkaline 
following injections of sodium bicarbonate. Benetato and Oprisiu (1938), 
however, found that parotid salivary pH paralleled that of blood with 4 per 
cent sodium bicarbonate injection. 

The greater pH change in saliva than in blood with ammonium chloride in- 
jection suggests that ammonium chloride may be metabolized by the gland in a 
manner similar to that in the liver or that the ammonium radical stimulates the 
elaboration of acid substances. In whatever manner produced the acidity within 
the gland seems to be responsible for the increase in secretory rate. 

Thus it is seen that variations in arterial pH produced by diverse acid-base 
equilibrium changes are not always accompanied by similar effects in salivaiy 
pH when the gland is stimulated continuously by pilocarpine. Induction of 
small variations of arterial pH may be accompanied by opposite changes in sali- 
vary pH. Variations in base vdth variations in rate of secretion, the type of 
metabolism within the gland cell and the reaction of the blood are all important 
factors in determining the reaction of saliva. However, an analysis of the 
sequence of events points to the importance of intracellular acidity in deter- 
mining the rate of salivary flow, as was suggested earlier by Eddy (1929, 1930, 
1931). 

The suggestion has been made (Seeker, 1934) that pilocarpine exerts its effect 
upon the submaxillary gland by liberating acetylcholine at the secretory nerve 
endings. List and Peet (1938) likewise suggest that the action of pilocarpine 
in sweat secretion is mediated through the nerve endings. Should this be con- 
firmed the acid-humoral mechanism postulated by Gesell, Brassfield and Hamil- 
ton (1942) offers an explanation of the results obtained on the submaxillary gland 
continuously stimulated ^^ith pilocarpine. Integral parts of the acid-neuro- 
humoral mechanism are intensity and duration of stimulation which are depen- 
dent upon the sum total of acetylcholine released at activated nerve terminals 
and the rate of destruction of this acetylcholine. Since the rate of destruction 
is inhibited by a decrease in pH, an increase in the acidity either on or within 
the gland cell should enhance the rate of secretion. This is in accord with the 
representative results illustrated in figures 1 to 6. These results harmonize 
also with those obtained on several cholinergic systems already studied: the 
central nervous system, the heart, respiratory muscle and the intestinal loop. 

However, it must be pointed out that the effect of pilocarpine may not be 
mediated through the liberation of acetylcholine at the secretory nerve endings. 
Numerous investigations have shown that the response of the submaxillary gland 
to pilocarpine is different in some respects from that obtained either by direct 
nerve stimulation of acetylcholine injection (Demoor, 1912; Gregersen and 
Ingalls, 1939; Baxter, 1932; Pierce and Gregersen, 1937; Wills and Fenn, 1938; 
Brassfield and Hong, 1939; Wills, 1941; Brassfield and Hands, 1941). It is 
to be noted also that eserine fails to potentiate the action of pilocarpine on sweat 
secretion (Wilson, 1934). If pilocarpine does not act by liberating acetylcholine 
then some other explanation for the potentiating action of intracellular acidity 
must be sought. 
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SUMMARY 

Overventilation in dogs receiving a continuous injection of pilocarpine pro- 
duces an increase in the pH of both blood and saliva. These changes are attrib- 
uted primarily to decreased COo tensions. The change in salivary pH is smaller 
than the pH change in the arterial blood. This is thought to be due to the de- 
crease in content of base resulting from a slower rate of secretion. 

Administration of low O2 in a mixture containing CO2 approximating the tension 
of this gas in the arterial blood produces a greater decrease of pH in saliva than 
in arterial blood. Disturbances of the cellular metabolism induced by the im- 
pairment of oxidations contribute to this decrease in salivary pH. Since the 
increased salivary flow accompanies the decreased salivary pH but precedes 
the blood pH decrease, the increased secretion is attributed to the increased 
intracellular acidity. 

The effect of administering air contammg more than 8 per cent CO2 is to 
produce initially a greater pH decrease m blood than saliva. After the initial 
decrease in saliva pH an increase is obtained and a further increase occurs on 
returning the animal to room air. With lower percentages of CO2 only increases 
in salivary pH are produced. 

Large injections of lactic acid produce parallel decreases in both blood and 
saliva but the change in saliva is less. Small or slow injections may produce 
an increase in salivary pH. Sodium bicarbonate injections usually produce an 
increase in saliva pH which is much less than the pH increase in the blood. 
Sometimes the pH of saliva shows an initial decrease. 

Ammonium chloride injections produce much greater decreases in saliva pH 
than in blood. 

Saliva flow changes are related to variations of intracellular acidity rather than 
to the reaction of either blood or saliva. A probable mechanism for the enhance- 
ment of flow by an increase in intraglandular acidity is suggested. 
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The part played by insulin in the regulation of the metabolic function of the 
liver is poorly understood. It is well agreed that in the presence of diabetes 
insulin ameliorates the excessive catabolism of protein which accompanies the 
carbohydrate wastage. Bach and Holmes (1937) presented evidence that this 
effect could be due to direct suppression of hepatic gluconeogenesis from protein. 
They found that when insulin was added to preparations of liver slices the rate 
of accumulation of new carbohydrate was reduced. Stadie, Lukens and Zapp 
(1940), however, ^vere unable to confirm this observation. 

Another problem which deserves further study concerns the relation of insulin 
to the processes involved in the storage and release of liver glycogen. In the 
diabetic subject insulin produces a rise in liver glycogen, while in the nondiabetic 
animal the reverse effect is observed even though the blood sugar is maintained 
at hyperglycemic levels b}^ the administration of glucose (Evans, 1941). The 
latter observation points toward the existence of a glycogenolytic effect which is 
exerted by insulin directly on the liver. 

The present experiments were undertaken in order to study the effect of insulin 
on the turnover of both glycogen and total carbohydrate in liver slices obtained 
from normal and diabetic rats, and incubated under conditions approaching as 
nearly as possible a normal tissue environment. Observations on acetone body 
production were included. 

Methods. The animals were rats of Sprague Dawley strain and weighed 
250 grams or more. There were two groups of normal animals. One was sub- 
jected to a preliminary 48 hour fast and the other allowed free access to Purina 
dog chow. A third group consisted of rats made diabetic by the subcutaneous 
injection of alloxan (150 mgm. per kilo). The latter animals were maintained 
on a diet containing 60 per cent carbohydrate, 10 per cent fat, and 25 per cent 
protein. The diabetes was controlled with daily doses of 2 to 4 units of pro- 
tamine zinc insulin for 10 to 20 days until it was thought likely that kidney and 
liver damage induced by the alloxan had been repaired. Insulin was then with- 
drawn and the animals ^vere used 3 days later when hyperglycemia and ketone- 
mia had become well marked. 

Rats were anesthetized with nembutal and exsanguinated by direct incision 
of the ajbdominal aorta. The liver was cooled to 5°C. until slices were prepared 
15 to 20 minutes later. One cubic centimeter of serum, obtained from the rat’s 
own blood, was placed in each of two small flat bottomed vessels which were 
designed to fit a standard Warburg manometer. A mixture of 95 per cent 
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oxygen and 5 per cent CO 2 introduced and the vessels stoppered and weighed. 
Three liver slices approximately 0.3 mm. thick, weighing between 40 and 65 
mgm., were cut free hand. Serum was used as a lubricant and the excess removed 
by touching the slice to filter paper. The slices were not floated in saline. Slices, 
differing in weight by less than 15 per cent, were placed in each of the two incu- 
bating vessels. Tissue weight w^as determined by the difference in weight of 
the vessel before and after introduction of the slice. The third slice, after being 
weighed, was dropped into a tube containing 1 cc. of normal H 2 SO 4 for the 
determination of total fermentable carbohydrate. After hydrolysis at 100°C. 
for 2§ hours the contents of the tube were deproteinized with sodium tungstate. 
One aliquot of the centrifugate was analyzed for total reducing substances by 
the method of Somogyi (1937). Another was treated with washed yeast and the 
residual nonfermentable reducing substances determined. 

To one of the incubating flasks was added 0.05 cc. of U 40 insulin (2 imits) 
neutralized to pH 7.5K The control flask received 0.05 cc. of water. After 2 
hours of incubation at 37.5°C. the slices were removed, reweighed, and analyzed 
for total fermentable carbohydrate as described above. Total reducing sub- 
stances, and in most cases fermentable carbohydrate, were determined on the 
original serum as well as on the serum in the flasks after incubation. 

Serum acetone bodies were quantitated by the method of Shipley and Long 
(1938). 

Results. Glucose output by slices. The amount of glucose yielded to the 
medium by a slice in the absence of added insulin was highest in the preparations 
obtained from diabetic animals and lowest in those from fasted normal animals. 
Fed normal animals were intermediate (table 1). 

In the case of fed rats there was a very definite and consistent increase in 
glucose output when insulin was added to the medium. This increase varied 
from 62 per cent to 167 per cent and averaged 103 per cent (table 1). No con- 
sistent effect Avas obtained with slices from fasted normal animals. 

In the diabetic group 4 out of 5 rats showed a decrease in glucose output in the 
presence of insulin. Rat 18 show’ed a slight increase. It should be noted that 
the latter animal differed from the other 4 in that the initial tissue carbohydrate 
content w^as relatively high. 

Carbohydrate content of slices. With liver slices from fed rats insulin caused 
a distinct increase in the rate of breakdown of stored carbohydrate (table 1). 
The average carbohydrate content of the original tissue Avas 5.0 per cent. When 
slices Avere incubated AA’ithout insulin the content dropped to 2.6 per cent, while 
in the presence of insulin the A^alue fell to 1.1 per cent. 

In the case of fasted rats and in most of the diabetic rats no effect of insulin 
was clearly eAddent (table 1). In one diabetic rat (no. 18) there was a definite 
lowering of carbohydrate content in the presence of insulin but this animal had 
shoAAm a fairly high initial level. In all of the other instances of both fasted nor- 
mal and fed diabetic rats the small glycogen store became rapidly exhausted 

^ Highly purified amorphous inshlin powder containing 20 to 22 units per milligram was 
generously supplied by Dr, D. G. Hines of Eli Lilly & Co. 
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during incubation without insulin so that any possible tendency for insulin to 
accelerate the decline would not be demonstrable even if it existed. It was clear, 

TABLE 1 


Effect of insulin on glucose 'production and release of tissue carbohydrate 



GLUCOSE 

TISSUE CASBOHYDEATE 

iAt NO. 

Initial 

serum 

level 

Produced 
by control 
slices 
(mgm. per 
100 mgm. 
tissue) 

Produced 

in 

presence of 
insulin 

Per cent 
change due 
to insulin 

Original 

content 

Content 

after 

incubation 
— control 

Content | 
after 

incubation 
— insulin 

Difference due 
to insulin 


Fed normal rats 



ingm,% 



% 

% 

% 

% 


1 

133 

1.83 

3.66 

+100 





2 

190 

2.09 

4.80 

+130 

6.9 

3.9 

1.8 

-2.1 (54%) 

3 

160 

1.99 

5.31 

+167 



1 


4 

171 

3.11 

5.30 

+70 

5.6 

2.0 

1.1 

-0.9 (45%) 

5 

194 

1 1.94 

3.54 

1 +82 

3.5 

2.1 

0.8 

-1.3 (62%) 

6 

87 

1.48 

3.70 

+150 





7 

121 

1.22 

3.07 

+151 



i 


8 

120 

2.12 

3.92 

+85 





9 

133 

1,53 

2.43 

+59 





10 

121 

2,46- 

3.98 

+62 

4.2 

2.3 

1.1 

-1.2 (52%) 

11 

168 

2.16 

4.89 

+126 

4.7 

2.7 

0.9 

-1.8 (67%) 

Average 

2.00 

4.05 

+103 

5.0 

2.6 

1.1 

-1.5 (58%) 


Fasted normal rats 


12 

147 

1.38 

1.74 

+26 

1.4 

■a 

0.7 

+0.1 

13 

138 

1.73 

1.09 

-37 

1.1 


0.6 

+0.1 

14 

162 

0.99 

1.28 

+29 

0.9 


0.0 

-0.4 

15 

116 

1.61 

1.48 

-8 

0.8 

■9 

0.4 

+0.3 

16 

141 

1.02 

0.84 

-18 

0.4 

■9 

0.1 

0.0 

Average 

1.35 

1.29 

-4 

0,9 

1 

0.3 

0.3 

0.0 


Fed diabetic rats 


17 ! 

610 

1.77 

1.48 

-16 

0.8 

0.4 

0.3 

-0.1 

18 1 

539 

4.24 

4.96 

+17 

3.5 

1.8 

0.7 

-1.1 

19 

517 

3.02 

2.29 

-24 

1.0 

0.6 

0.4 

-0.2 

20 

550 

2.93 

2.44 

-17 

1.3 

0.6 

0.4 

-0.2 

21 

983 

2.59 

1.40 

-46 

0.6 

0.4 

0.5 

+0.1 

Average 

2.91 

2.51 

-14 

1.4 

0.7 

0,5 

-0.2 


however, and rather disappointing that no increase in glycogen content could be 
demonstrated in the diabetic preparations after addition of insulin. 

Synthesis and consumption of carbohydrate. In the control slices obtained from 
fed rats there were three instances of an over-all decrease of carbohydrate during 
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incubation (table 2). The other two preparations showed a very slight increase. 
In those instances where the controls showed a decrease the effect of insulin was 
to render this decrease less marked or actually to reverse the change so that the 
formation of new carbohydrate exceeded its breakdown (rats 2, 4 and 11). In 
the two instances in which carbohydrate synthesis was already predominating 
in the absence of added insulin the effect of the hormone was to increase the rate 
of accumulation (rats 5 and 10). Thus, in all five cases insulin promoted an 


TABLE 2 

Effect of insulin on the total carbohydrate present in the system: tissue 4- serum 



RAT NO. 

CONTROL SLICE 

INSTJLIN 

CHANGE RRODUCED BV 
INSI3LIN 



mgm. 

mgm. 

mgm. 

Fed normal rats 

2 

-1.70 

-0.71 

+0.99 


4 

-1.05 

+0.48 

+1.53 


5 

4-0.17 

+0.58 

+0.41 


10 

+0.^ 

+0.59 

+0.39 


11 

-0.32 

+0.87 

+1.19 

Average 

-0,56 

+0.36 

+0.92 

Fasted normal 

12 

+0.48 

+0.65 

+0.17 

rats 

13 

+1.06 

+0.47 

-0.59 


14 

+0.38 

+0.35 

-0.03 


15 

+0.93 

+1.00 

+0.08 


16 

+0.68 

+0.54 

-0.14 

Average 

+0.70 

+0.60 

-0.10 

Fed diabetic 

17 

+1.32 

+0.94 

-0.38 

rats 

18 

+2.39 

+1.96 

-0.43 


19 

+2.62 

+1.64 

-0.98 


20 

+2.15 

+1.53 

-0.62 


21 

+2.18 

+0.56 

-1.62 

Average 

+2.13 

+1.33 

-0.80 (-38%) 


^ The values are expressed in terms of milligrams of carbohydrate per 100 mgm. of wet 
tissue in 2 hours. Plus values denote formation of new carbohydrate; minus values disap- 
pearance of carbohydrate. 


increase or lessened the tendency for a decrease in the carbohydrate content of 
the system. 

The five control preparations from fasted rats all showed a moderate increase 
in total carbohydrate content during incubation (table 2). Tnsnim did not 
produce any consistent effect in either the magnitude or direction of the carbo- 
hydrate turnover. 

The results with diabetic tissue were of considerable interest (table 2). In 
the first place it was observed that slices m the absence of added insulin were 
producing new carbohydrate at a much more rapid rate than it was being con- 
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sumed. Thus, the average carbohydrate synthesis by diabetic slices was 2.13 
mgm. per 100 mgm. of tissue as compared to 0.70 mgm. for the ^Tasted normal’^ 
group and as contrasted with a consumption of carbohydrate of 0.56 mgm. by 
the “fed normal’’ series. The second important observation was that insulin 
invariably reduced the excessive accumulation of carbohydrate which occurred 
in the diabetic preparations The average reduction in the five preparations 
was 38 per cent. In rat 18, although the total carbohydrate production by the 
slice was reduced, the glucose output as mentioned above was increased. This 
may be attributed to the high initial glycogen content which provided an oppor- 
tunity for insulin to stimulate glycogenolysis. 

TABLE 3 


Effect of imulin on acetone body production 



RAT NO. 

INITIAL SERUM 
LEVEL 

CONTROLS (GA]£MA 
PER 100 MGM. 
tissue) produced 

INSULIN TREATED- 
PRODUCED 

percent 

CHANGE DUE TO 
INSULIN 

Fed normal 

1 

mgm. % 

1.7 

74 

99 

+32 

rats 

2 

1.1 

64 

71 

+11 


3 

1.3 

116 

105 

-9 


6 

1.2 

82 

104 

+27 


7 

1.4 

87 

76 

-13 


8 

1,2 

114 

113 

-1 


9 

1.8 

94 

98 

+4 


22 

0.0 

71 

71 

0 

Fasted normal 

12 

11.7 

105 

55 

-48 

rats 

13 

6.2 

157 

161 

+3 


14 

3.8 

125 

123 

-2 

Fed diabetic 

17 

24.7 

221 

242 

+9 

rats 

18 1 

15.6 j 

171 

156 

-9 


19 1 

48.6 

238 

296 

+24 


20 

22.9 

149 

141 

-5 


Production of acetone bodies. Acetone body production was higher in fasted 
rats than in fed rats. This is in agreement with previous observations (Shipley, 
1944). The output was extremely high in diabetic rats. In none of the three 
types of preparation was there any effect of insulin which was of sufficient 
consistency or magnitude to be considered significant. 

Discussion. The great bulk of labile hepatic carbohydrate consists of 
glycogen. A component composed of blood glucose and glycoprotein probably 
remains at a fixed low level. In the following discussion, therefore, it will be 
assumed that fluctuations in the glucose equivalent of total tissue carbohydrate 
will reflect changes in the glycogen content of the tissue. 

In the present experiments liver slices, rich in glycogen, obtained from fed 
animals, showed a substantial and consistent increase in glucose output in the 
presence of insulin. There was a concomitant acceleration of glycogen break- 
down. That the increased rate of glycogen disappearance was due to accelerated 
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breakdown rather than decreased rate of formation from noncarbohydrate 
sources is suggested by the finding that the calculations of carbohydrate balance 
offered no evidence that carbohydrate synthesis was decreased by insulin. In 
fact, the results were consistent with the reverse. One is thus justified in favor- 
ing the conclusion that insulin directly accelerated the conversion of glycogen to 
glucose. This conclusion is in complete agreement with the observations made 
on intact rats by Evans (1941). 

In view of the fact that insulin promotes glycogen storage in the diabetic 
animal, one might expect the same to occur in the diabetic liver slice preparations. 
Such an effect could not be demonstrated, however. Other workers employing 
nondiabetic animals observed various effects on hepatic glycogen when insulin 
was added directly to isolated liver preparations. Lundsgaard, Nielson and 
Orskov (1936) found that one sample of crystalline insulin was without effect 
on the glycogen content of perfused cat liver while another produced glycogenoly- 
sis. Seckel (1938) observed decreased glycogenolysis in rat liver slices incubated 
in an artificial medium when insulin was added. Ostern, Herbert and Holmes 
(1939) in somewhat similar experiments, obtained the opposite effect with rabbit 
liver slices. In the perfusion experiments of Corey and Britton (1941) the addi- 
tion of insulin resulted in an increased rate of glycogen breakdown in cat liver. 
If it is assumed that insulin plays the part of an enzyme in the glycogen 7 =± 
glucose equilibrium the facilitation of the reaction could be in either direction 
depending upon the conditions involved. The pertinent conclusion remains, 
however, that insulin does appear to exert a direct influence on this equilibrium. 

It is possible to draw certain conclusions concerning the effect of insulin on the 
total carbohydrate balance of the system under study. This balance depends 
upon the relative rates of new carbohydrate formation and carbohydrate de- 
struction. In fed normal rats insulin invariably promoted an increase in the 
accumulation of new carbohydrate in the preparation. This effect could be due 
to increased gluconeogenesis ; however, other possible explanations are a decreased 
rate of carbohydrate oxidation or a decreased conversion to noncarbohydate 
compounds. None of these changes is compatible with the supposed action of 
insulin when it is administered to a diabetic subject. Here again the paradoxical 
results might be due to the existence of a reversible reaction. 

Compatible with the latter proposal is the observation that in diabetic prep- 
arations insulin produced an effect which was completely the reverse of that 
sho\vn in slices from normal fed animals. In diabetic preparations there was 
a decrease in the accumulation of carbohydrate in the system when insulin was 
added. This effect of insulin is the same as that observed by Bach and Holmes 
(1937) although these workers obtained their positive results with slices obtained 
from normal fasted rats. In the present experiments, preparations of the latter 
category failed to respond to insulin. 

It should be noted that in the diabetic preparations carbohydrate accumula- 
tion in the absence of insulin was progressing at a very rapid rate compared 
with normal preparations, and that the effect of insulin was to reduce this rate. 
Our results are therefore consistent with the hypothesis that in diabetes there is 
an increased hepatic production of new carbohydrate and that iTif=in1in serves to 
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suppress this over-production. The data do not actually establish the validity 
of the hypothesis, however, inasmuch as changes in the rate of carbohydrate 
removal could give similar results. Bach and Holmes, however, could demon- 
strate no increase in either oxygen consumption or in R.Q. accompanying the 
decrease in rate of carbohydrate accumulation induced by insulin. Moreover, 
they observed a concommitant decrease in urea formation^ and were therefore 
of the opinion that insulin suppressed gluconeogenesis from protein. 

If one assumes that the present findings support the contention that insulin 
directly suppresses an excessive hepatic gluconeogenesis which occurs in diabetes 
it seems clear that the effect is not attained by the creation of a ^ycogen barrier 
in the liver cells. The effects were observed in preparations in which the glycogen 
content was not only loiv but actually in a course of further decline. 

The effect of insulin on acetone body production merits little comment other 
than that no influence could be demonstrated under the conditions of the experi- 
ments. It would appear, therefore, that the observed changes in glycogen 
breakdown and carbohydrate turnover ivere not intimately coupled with the 
reactions comprising the ketogenic mechanism. In pre\Hous experiments relat- 
ing to hepatic ketogenesis there was likewise no demonstrable correlation between 
alterations in ketogenesis and glucose metabolism. It ivas observed that an- 
terior pituitary extract stimulated the acetone body output of liver slices without 
affecting the glucose production (Shipley, 1944). 

SUMMAKY 

Insulin affected both the rate of glycogenolysis and the rate of accumulation 
of new carbohydrate when it was added to preparations of rat liver slices incu- 
bated in the rats’ own serum. 

When the initial glycogen content was high insulin accelerated glycogenolysis 
irrespective of whether the rat ivas normal or diabetic. No stimulation of 
glycogen deposition could be demonstrated in any preparation. 

In slices of liver from normal fed animals insulin increased the rate of accumu- 
lation of new carbohydrate while in diabetic preparations this rate, already 
excessive, was consistently decreased by insulin. 

The addition of insulin did not influence the rate of acetone body production 
in normal or diabetic preparations. 

We are greatly indebted to Miss Ethel Buchwald for technical assistance. 
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There are few more controversial aspects of the general problem of nutria 
tional assessment than vitamin tolerance tests, as is witnessed by a lack of gen- 
eral agreement concerning the most desirable mode of administration, the proper 
dosages, the best times for collecting specimens, or the interpretation of results. 
It was our intent to investigate 3 different points. First, comparison was made 
between oral and intravenous test doses of ascorbic acid, riboflavin and thiamine. 
Second, the effect of each vitamin on the urinary excretion of the others was 
determined. Finally a mathematical formulation w^as obtained for the urinary 
excretion following both intravenous and oral test doses. The scope of the work 
was limited to well fed young men, and it is emphasized that the results and 
conclusions are not necessarily applicable to deficient subjects. 

Methods. The observations were made on a group of 16 young men liv- 
ing for 16 days for the most part indoors in a temperate environment. Activities 
included laboratory work and football or marching almost every afternoon, 
with an estimated average daily work expenditure of about 3300 Cals. Their 
diet provided a considerable variety of items but an essentially constant intake 
of nutrients, as shown in table 1 for each meal and for the whole day. Break- 
fast consisted of white bread, butter, marmalade and coffee; dinner of bread, 
butter, jam, | pint of milk, a meat or egg product and prepared breakfast 
cereal; and supper of bread, butter, jam, | pint of milk, coffee, a meat or egg 
product, a cooked vegetable, ice cream and 1 large orange. Meals were eaten 
at 8: 15 a.m., 12 noon and 5 p.m. Extra bread, butter, jam, tea and coffee were 
allowed in the evening. 

Vitamin load tests were administered at approximately 8 a.m. For oral 
dosage, the vitamins were dissolved in 100 ml. of water. Intravenous doses were 
in sterile aqueous solutions. Urine w’as collected at the desired times in paper 
cups and the vitamins were stabilized with oxalic acid (8). Ascorbic acid was 
estimated by titration against 2’6-dichlorophenolindophenol (1); and riboflavin, 
thiamine and N^-methylnicotinamide by fluorometric methods (5). 

Results. A, Comparison of oral and intravenous tests. The time relations 
for oral and intravenous tests are showm in figures 1, 2 and 3. In examining 
the charts it should be noted that the ordinates represent the total excretion 
after a given time and hence the slope of the curve is the measure of the rate 

1 This work was financed in part under a contract, reconunended by the Committee on 
Medical Research, between the Office of Scientific Research and Development and the Presi- 
dent and Fellows of Harvard College. 

2 Fellow of the Institute of International Education. Permanent address, Lima, Peru. 
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of excretion. When the curves for the test subjects become parallel with those 
for the controls, the eiffects of the dose of vitamins are finished. By these 
criteria, the effects of intravenous do^s of thiamine, riboflavin and ascorbic 
acid are no longer apparent after 4 hours; and the effects of oral doses of the 
same vitamins are finished in 12, 6 and 8 hours respectively. 


TABLE 1 

Daily diet of 16 subjects 


injTSlEKT 

ICEIAl. 

day’s total 

Breakfast 

Dinner 

Supper 

Night 

Calories 

730 

1360 

1340 

280 

3710 

Protein, grams 

7 

43 

51 

2 

103 

Ascorbic acid, mgm 

0 

5 

55 

0 

60 

Thiamin, mgm 

0.2 

0.7 

0.5 

0.1 

1.5 

Riboflavin, mgm 

0,1 

1.0 

1.1 

0 

2.2 

Niacin, mgm 

1.6 

6.9 

9.1 

0.6 

18.2 


TABLE 2 


Lack of influence of combinations of vitamins upon urinary excretion of others 
(Each figure represents the average for 3 different subjects) 


COMBINATION 

DOSE 

I 

t 

ROUTE 

EXCRETION IN 10 HOURS APXER DOSE 

Thiamine 

Riboflavin 

Ascorbic acid 

Bi, B 2 

mgm. 

5, 3 

Oral 

meg. 

580 

meg. 

1880 

mgm. 

8 

B,, B 2 

5, 1,5 

IV 

lOOO 

1200 

9 

Controls 

0 


200 

365 

11 

Bi, C 

5, 250 

Oral 

420 

430 

95 

Bi, C 

5, 250 

IV 

1200 

350 

100 

Controls 

0 


100 

375 

9 

Bs, C 

3, 250 

Oral 

180 

1615 

113 

Ba, C 

1.5, 250 

IV 

115 

1000 

108 

Controls 

0 


195 

365 

10 

Nicotinamide 

50 

Oral 

90 

385 

14 

Controls 

0 


90 

300 

10 


As is well known, the rate of excretion is for a time higher and the total per- 
centage of the test dose excreted is larger when a given dose of a vitamin is 
given intravenously than after oral administration. In the present experiments, 
the percentages of injected thiamine, riboflavin and ascorbic acid recovered in 
the urine were approximately 15 per cent, 40 per cent, and 20 per cent respec- 
tively; and of the same vitamins taken orally were 10 per cent, 35 per cent and 
10 per cent respectively. 

B, Lack of influence of mdividual vitamins upon the urinary excretion of others. 
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In the rat, thiamine deficiency results in a diminution of the tissue stores of as- 
corbic acid (11) and an increased excretion of riboflavin (10); and ariboflavinosis 



Fig. 1. Urinary excretion of thiamine, ascorbic acid and riboflavin after test doses of 
thiamine hydrochloride intravenously or orally. Curves fitted by inspection. Averages 
for 7 intravenous, 6 oral and 3 control subjects. 



Fig. 2. Urinary excretion of riboflavin, thiamine and ascorbic acid after test doses of 
riboflavin intravenously or orally. Curves fitted by inspection. Averages for 7 intrave- 
nous, 6 oral and 3 control subjects. 

results in depletion of tissue ascorbic acid without effect on thiamine. In the 
case of well fed subjects one could speculate that large doses of one vitamin might 
affect the urinary excretion of others, but this idea receives no support from 
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figures I3 2'j 3 and table 2. By comparison of the control with the test sub- 
jects, it is clear that doses of ascorbic acid had no significant effect on the excre- 
tion of thiamine or riboflavin; riboflavin, none on thiamine or ascorbic acid; 
thiamine, none on riboflavin or ascorbic acid; and nicotinamide, none on thia- 
mine, riboflavin or ascorbic acid. Combinations of any 2 of the vitamins thi- 
amine, riboflavin or ascorbic acid had no significant effect on the third. 

The practical conclusion from these observations is that tolerance tests using 
mixtures of vitamins give results fully as reliable in well fed subjects as tests 
that use the vitamins individually. 

C. Mathematical formulation of tolerance curves. Inspection of figures 1, 
2 and 3 shows that any tolerance curve is compounded of 2 components, the 



Fig. 3. Urinary excretion of ascorbic acid, thiamine and riboflavin after intravenous or 
oral test doses of ascorbic acid. Curves fitted by inspection. Averages for 7 intravenous, 
6 oral and 3 control subjects. 

first a linear representing the steady excretion when no vitamins are adminis- 
tered and the second a curvilinear representing the excess excretion due to the 
test dose. These will be taken up in the order control curves, intravenous 
curves and finally, oral curves. 

A reasonable theoretical formulation for the various types of curve can be 
made by considering the mutual relations of serum levels, renal clearance and^, 
after oral dosage, intestinal absorption. We shall treat in detail the case of as- 
corbic acid. 

Control curves: ascorbic acid. For subjects not receiving test doses the serum 
level remains essentially constant throughout the day, or shows at the most a 
slight diurnal increase (fig. 4, controls), i.e., 

Vs ^ c (1) 

ys representing the concentration of ascorbic acid in the serum and c a constant. 
If we assume a constant renal threshold for ascorbic acid and a reasonably 
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high rate of urinary flow, the rate of excretion of ascorbic acid is directly pro- 
portional to the difference between the serum level and the renal threshold. 
This difference is a constant and 

y - at (2) 

where y is the total excretion at any time after observation begins, a is a con- 
stant and t the time in hours. Figure 4 shows the essential constancy of the 
serum level and the linearity of the excretion of ascorbic acid by control sub- 
jects. 



CALjCULATEIO curves 


Fig. 4. Serum levels and urinary excretion of ascorbic acid compared with calculated 
curves derived in text. Subject L. C. received vitamins intravenously; subject R. W., 
orally; subjects A. R. and J. P. were controls for L. C. and R. W, respectively. 

Intravenous curves: ascorbic add. For subjects receiving test doses intrave- 
nously, the serum level is maximal at time O and then falls rapidly. Assuming 
metabolism, distribution throughout the body and renal clearance to be di- 
rectly proportional to the increment in the serum, the rate of decrease of the 
serum level after a test dose is represented by the equation 

dys/dt = -k(ys - b) 

where ys is the serum level at time t, k has the dimensions of a velocity constant 
and b is the asymptote which the curve approaches. 

Integrating, In (y - b) = -kt -f a' and 

y^ — a + b 


( 3 ) 
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where h and k have the same meaning as above and a represents the maximal 
increase of the serum level above the asymptote. Good fit between observed 
and calculated values may be seen in figure 4. This simple exponential formu- 
lation has been used by Margaria, Edwards and Dill (6) for blood lactate; by 
Fishberg (2) for unnatural sugars in the blood; by Greville (3) for calcium toler- 
ance tests; and has been thoroughly discussed by Greville (4) for intravenous 
glucose tolerance tests. 

The rate of urinary excretion of ascorbic acid after an intravenous dose may 
be assumed to be directly proportional to the difference between the serum level 
and the renal threshold, i.e., 

dy/dt = / (serum level — renal threshold) 

where y is the total excretion in time t and / is a constant. Substituting ?/, 
from equation 3 and assuming the renal threshold to be constant, g, 

dy/dt = f{a + b — g)^ and simplifying 
dy/dt = h + j, Avhere h and j are constants. 

Integrating, y = — /i/fc e""** + jt + mand combining terms y = m(l — n + 
jL Reassigning conventional values to the constants and expressing the equa- 
tion in a convenient form, 

y a[l — 6”*^' ~ + ct (4) 

where y is the excretion of the vitamin in t hours; a is the total excess of the vita- 
min excreted at i = oo ; fc has the dimensions of a velocity constant; and h 
is a small constant related to the lag between the time of injection and the first 
measurable increase in rate of urinary excretion. For physiological purposes, 
when (t — h) is negative it is considered to be O. The expression ct represents 
the linear excretion when no vitamins are administered. Good agreement 
between observed and calculated values after intravenous injection may be seen 
in figure 4. 

Curves like equation 4 are familiar in studies on renal physiology, an example 
being the excretion of phenol red after intravenous injection (9). From the 
present data for ascorbic acid in urine and plasma in the control subjects (fig. 
4) the minute renal clearance of ascorbic acid, UV/P, is of the order of magni- 
tude of 5 ml. per min. which suggests an active tubular reabsorption of ascorbic 
acid. The tolerance test data allow estimates to be made at high plasma 
levels; these show minute clearances of about 30 ml. per min., further evidence 
of active tubular reabsorption. 

Oral curves: ascorbic acid. The rather complicated picture presented by the 
serum level after oral test doses may be formulated by considering the serum 
level at any time t to be increasing in direct proportion to the amount of vitamin 
absorbed from the gastrointestinal tract and at the same time to be decreasing 
in direct proportion to the serum level. The rate of absorption from the gas- 
trointestinal tract may be considered directly proportional to the amount of 
vitamin present, or 


dGI/dt = -¥GI, 



64 


JOHNSON, CONTRERAS, CONSOLAZIO AND ROBINSON 


where GI represents the amount of vitamin in the gastrointestinal tract at time 
and k has the dimensions of a velocity constant. Integrating, 

GI = + b' = 


v/here a' represents the maximal amount present after the test dose and V 
is in this case 0 since all of the vitamin is essentially absorbed. The serum 
level is being decreased according to the exponential curve represented by equa- 
tion 2, a -f* b. The combined effects on the serum level of gastrointestinal 
absorption and of simultaneous decrease according to equation 2 may be ex- 
pressed thus: 

dys/dt = c(k'a'e-^'^) - f{k a 

where c and / are different velocity constants. 

Integrating, — —c + / a + g 

and expressing in orthodox fashion 

Vs ^ CL — h ^ + c (5) 


v/here is the serum level at time t\ a, b and c are different constants such that 
(a — 6 c) is the serum level before the test dose; c is the asymptote which 
the curve approaches; and k and ¥ are two different velocity constants. Rea- 
sonably good fit between observed values and values calculated by the double 
exponential equation 5 is seen in figure 4. 

The theoretical equation for urinary excretion after an oral test dose may be 
derived on the assumption that the rate of minary excretion at any time, ty 
is directly proportional to the difference between serum level, according to 
equation 5, and the renal threshold; i.e., 

dy/dt = / (a — b + c — r) = f{a — b *+- c') 


where y is the total excretion in t hours; a, by and c are from equation 5; / has 
the d ime nsions of a velocity constant; and r is the constant renal threshold. 
Integrating, 


y = 





+ fc't + g 


Simplifying and expressing the constants in orthodox manner 

y ^ a {I -- b + c + 0 (6) 

For purposes of computation it is convenient to express equation 6 in terms of 
hyperbolic functions as follows: 


tank nt = 


_ ^nt 


Expanding as an infinite series 


tank nt ^ 1 ^ ^ — 2 + . . . . 
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la the present set of data, the arithmetical values for equation 6 reveal b and 
c to be approximately equal; and k' to equal 2k. Hence, neglecting the higher 
powers in the infinite series above, equation 6 may be expressed to a first ap- 
proximation as 

y = a tank nt -4- ct (7) 

Correcting for the time between administration of the test dose and the first 
increase in rate of urinary excretion, equation 7 becomes 

y = a tank n (t — b) + ct (8) 

where y is the total excretion in t hours; a is the total excess excretion of the 
vitamin over the control level when t is very large; n has the dimensinns of a 
velocity constant; 5 is a constant related to the lag between ingestion of the test 



Fig. 5. Observed values compared with calculated curves derived in text. Averages 
for 7 subjects receiving vitamins intravenously and 3 controls. 

dose and the first measurable increase in rate of excretion; and ct represents the 
linear rate of excretion if no test dose were given. For the region where (t — f>) 
is negative, y is assumed equal to ci. Reasonably good fit between observed and 
calculated values is seen in figure 4. Curves such as equation 8 are familiar 
in general renal physiology, an example being the rate of urinary flow following 
the ingestion of large doses of water (9). 

Control, intravenous and oral curves: thiamine, riboflavin, ascorbic add and 
N^-rriethylnicotirw/rnide. This section will deal exclusively with urinary findings. 
Control curves for thiamine, riboflavin, ascorbic acid and N^-methylnicotin- 
amide are fitted by equation 2, y = at (figs. 5 and 6). The numerical value of 
a depends upon: the vitamin under study; the subject’s state of saturation; 
and individual idiosyncrasy. The meals fed in the present experiments had 
surprisingly little effect on the linearity of the curves during the daytime hours, 
the hourly excretion of the vitamins being essentially constant. 
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IntraYenous curves for thiairdne, riboflavin and ascorbic acid are fitted by 
curves similar to equation 4, 2 / = + ci (fig. 5). The constant 

b is small enough under most conditions to be neglected. Constants a and k 
are affected by the nature of the vitamin under study; by the subject’s state of 
saturation; and by individual idiosyncrasy. In addition, a is in part deter- 
mined by the size of the test dose. The expression ct is the linear component 
representing the excretion had there been no test dose. 

Oral curves for thiamine, riboflavin, ascorbic acid and N^-methylnicotinamide 
are fitted by equation 8, 2 / = a tank n{t — 6) + ct. The numerical values of the 
constants a and n are affected by the nature of the vitamin under study, by 
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Fig. 6. Observed values compared with calculated curves derived in text. Averages 
for 6 subjects receiving vitamins orally and 3 controls. (The factor 1/20 should be used to 
convert F 2 , expressed as microgram, quinine units, into Ni-methylnicotinamide, expressed 
as milligram.) 

personal idiosyncrasy and by the state of the subject’s saturation. In addi- 
tion, a is dependent on the size of the test dose. The expression ct once more 
represents the excretion had there been no test dose. The constant b, related 
to the time between administration of the test dose and the first measurable 
increase in urinary excretion, is never small enough to be neglected. 

Discxjssion. The reasonable theoretical explanation presented above for 
control, intravenous and oral curves allows certain practical suggestions to be 
made of interest to those engaged in routine surveys. 

The fasting rate of excretion of thiamine, riboflavin and Ni-methylnicotin- 
amide has been widely used as a measure of nutritional status in patients sus- 
pected of deficiency (7). This t 3 rpe of measurement is doubtless the surest 
waj^ of avoiding the possible effects of meals. Even in well fed subjects it 



INTRAVENOUS AND ORAL VITAMIN TOLERANCE TESTS 


67 


may be taken as a measure of the steady rate of excretion during the day, being 
lower the more unsaturated the subject. 

In both intravenous and oral curves the total excess excretion of the test dose 
(a of equations 4 and 8) and the velocity constants of the curve (fe of equation 4 
and n of equation 8) are physiologically, but not mathematically, related so that 
in general when one increases, so does the other. Likewise, the maximal rate of 
excretion (at ^ = 0 in the case of intravenous curves, figure 5; and at i = 1 hr. 
in the case of oral, fig. 6) increases when a and k or n increase. As a first 
approximation, the excretion in the first hour after an intravenous dose and in 
the second hour after an oral dose is a reasonably accurate measure of the 
maximal rate of excretion. It 'would be worthwhile to investigate the possi- 
bility of using in surveys these short periods rather than the longer times neces- 
sary to measure the total excess excretion. A possible invalidating factor is 
great individual variations which were not present in our subjects. 

A possible clinical application of the curves presented above might be in 
detecting anomalies of absorption by a test run as follows: At zero time the 
subject empties the bladder and receives an intravenous injection of a mixture 
of vitamins. Urine is collected for 1 hour, this specimen providing an index 
of the effect of the intravenous dose. At 1 hour, the subject takes by mouth a 
mixture of vitamins. At 2 hours, the subject voids and the urine is discarded. 
By this time the effects of the intravenous dose are substantial!}'' finished. At 
3 hours the subject voids again, this specimen providing an index of the effect 
of the oral dose. Comparison of the results for the intravenous and oral speci- 
mens might then disclose anomalies of intestinal absorption. This suggested 
test obviously would need a good deal of confirmation both with normal and 
with pathological subjects before its validity could be established. 

SUIVIMARY 

1. A comparison of intravenous and oral vitamin tolerance tests has been 
made with 16 subjects subsisting on the same constant diet in the same environ- 
ment. 

2. Any combination of ascorbic acid^ riboflavin and thiamine could be ad- 
ministered without affecting the urinary excretion of other vitamins. Nico- 
tinamide had no effect on the excretion of the above 3 vitamins. 

3. The extra excretion after intravenous injection was complete in 4 hours; 
and after oral administration in 8 to 10 hours. 

4. Mathematical formulation of the tolerance tests was accomplished. The 
control subjects, with no test doses, excreted the vitamins at a linear rate. In- 
travenous tests all fitted simple exponential curves. Oral tests all fitted some- 
what more complicated double exponential curves, which were most conven- 
iently expressed in terms of hyperbolic functions. 

5. The above curves were all derivable on theoretical grounds from considera- 
tion of the blood levels as affected by metabolism and renal clearance, and, in 
the case of oral tests, intestinal absorption. 

6. It is suggested for routine surveys that collection of urine for one hour 
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after m intravenous dose, and during the second hour after an oral dose, might 
yield results directly comparable with those obtained after collection periods of 
4 and 10 hours respectively. 
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No reliable methods are available for determining slight degrees of hypertrophy 
of the chromaffin tissue because of its location. However, from great numbers 
of studies that have been made it is obvious that the adrenal medulla relatively 
has only a slight capacity for compensatory hypertrophy, and even in the most 
likely interrelation, namely, thyroid-adrenal medulla, although suspected for 
more than 40 years, only suggestive evidence of hypertrophy has been obtained 
by Tatum (1), Marine (2) in rabbits and by Goldberg (3) in sheep following 
thyroidectomy. There is also suggestive evidence that the medulla may under- 
go slight hypertrophy following hypophysectomy in dogs (unpublished). 
Recently another interrelation, adrenal cortex-medulla, has been suggested 
by the experiments of Vogt (4). She finds that infused epinephrine increases 
the output of cortical hormone in dogs and since the cortex is injured in 
thiouracil poisoning it is conceivable that the medulla might react mth hyper- 
trophy in an attempt to stimulate cortical function. 

With the discovery by the MacKenzies (5) and by Richter and Clisby (6) 
of a new group of goitrogenic agents — sulfonamides and thioureas — which are 
not influenced by iodine medication and which act by inhibiting throxine pro- 
duction, a most intense thyroid insufficiency may be produced without immediate 
serious injury of other organs. This complete abolition of thyroxine production, 
heretofore unattainable, offers the severest test knoun for determining definitely 
whether the adrenal medulla undergoes compensatory hypertrophy or not. 

In seven series of adult rats (175-300 grams) which had been given a daily 
dose of from 40 (0.5 per cent) to 120 (1.5 per cent) mgm. of thiouraciL in their 
food for one to four months, there was noted, in addition to marked thyroid 
enlargement, a progressive decrease in the weight of the adrenal glands. These 
adrenals were hyperemic and of a brownish or grayish bro\Mi color in contrast 
mth the normal pinkish cream color. In a few isolated instances the adrenals 
were enlarged and contained grossh^ visible hemorrhagic cysts in their cortices. 

The adrenal glands, after Aveighing, were fixed usually in 10 per cent formalin 
but occasionally one of the pair was fixed in Orth’s fluid. Serial paraffin sections 
of one gland (usually the left) Avere made, and the section shoAAing the greatest 
surface (approximately median) AA’^as used for a camera lucida outline of the 
medulla and cortex on graph paper AAuth a magnification of 25 diameters. The 
squares coA^ered by the medulla and cortex respectively A\*ere counted, reduced 
to square millimeters, and the percentage of the total surface occupied by medulla 
and cortex respectively Avas calculated. The pertinent average data of these 

1 We are indebted to the Lederle Laboratories for generous supplies of thiouracil. 
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seven series are give in table 1 and one experiment (no. 24) is tabulated in detail 
(table 2). All animals that died or were found to have pneumonia were excluded 
from the tables because of the h^'pertrophy of the cortex which occurs with 
infections. However, serial sections made of the glands from these infected 
rats also showed medulla hypertrophy. From table 1 it will be seen that the 

TABLE 1 


Average thiouracil effects 


EXP, NO- 

NO. OP IL\TS 

SEX 

WEIGHT 

AREA MEDIAN SECTION 

MEDULLA 

Body 

Thyroid 

Adrenal 

Medulla 

Cortex 




gm. 

mgm. 

mgm. 

sq. mm. 

sq. mm. 

per cent 

10 

6 

F 

229 

127 

33 

1 55 

3.92 

28.2 

10 

5 

:\i 

324 

144 

32 

1 28 

3.51 

26 7 

14 

0 

F 

247 

170 

33.5 

1.96 

4 63 

30 

15 

6 i 

1 F 

196 

185 

21.7 

1.40 

3.22 

30.3 

15 1 

i 4 i 


244 

314 

30.6 

1 52 

4.17 

26 8 

17 

3 

F 

237 

129 

32 3 

2.28 

1 3.96 

36 7 

22 

13 : 

1 F 

255 

54 

32 8 

1.45 

4.30 

26 7 

24 

S 

F 

175 

67 

27 4 

1.31 

4.03 

30.5 

25 

10 1 

M 1 

191 

49.8 

22 7 j 

1.31 

1 3.33 

! 28.2 


Controls 


22 

7 

1 F 

1 248 

17.3 

51.7 

1.21 

5,78 

17.5 


TABLE 2 


(Expi, 24) Young adult females, 120 mgm, thiouracil daily 


NO. i 

TREATMENT 

M-EIGHT 

ARE \ MEDIAN SECTION 

MEDULLA 

Body 

Thyroid ! 

Adrenal 

Medulla 

Cortex 


days 

gm 

mgm 

mgm 

sq. nm. 

sq mm. 

per cent 

a 

14 

168 

32 

37 

1.6S 

5.05 

25 0 

b 

30 

208 

56 

33 

1.17 

3 80 

23.5 

c 

46 

165 

52 

23 

1.29 

3.91 

24.8 

d i 

60 

163 

79 

23 

1.75 

4 80 

26 7 

e 

74 

188 

79 

39 

2.44 

4.20 

36.7 

f 

90 

156 

74 

IS 

1.43 

3 00 

32.3 


115 

186 

90 

24 

I 2.26 

3 76 

37.5 

h ! 

115 

167 

75 

22 

2 10 

3 76 

35 8 

Average 

175 

67 

27.4 

1.77 

4.03 

30.5 


medulla area of rats receiving thiouracil varied from 26.7 per cent to 36.7 per cent 
of the total surface of the median section, while in control rats the medulla area 
of median sections averaged only 17.5 per cent of the total area. These percen- 
tages indicate only the size of the medulla in relation to the cortex and such 
percentage increases obviously may be due to hypertrophy of the medulla or 
shrinkage of the cortex or both. 

Examining the data further one finds that the absolute surface of the medulla 
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in all experiments is significantly greater than that of the controls in rats receiving 
at least 80 mgm. daily for 14 or more days. We have estimated the medulla 
area of the largest section in many stock rats sacrificed for other reasons and the 
percentages of the total area occupied by medulla corresponded closely vith 
the controls mentioned above, except that the percentage is higher in male rats 
because of the normally much larger cortex in the female. 
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In another experiment not included in the above tabulations there was one 
rat which, because the meduilae of the adrenals were so much more hypertrophic 
than those seen in any other experiment, is referred to separately. This rat, 
an old female, received 80 mgni. of thiouracil daily for 130 days and when 
sacrificed weighed 308 grams. There were anasarca, ascites, pleural effusions 
and enlarged dark red cervical periaortic, axillary and inguinal lymph nodes, 
but no pneumonia. The spleen weighed 0.87 gram. The adrenals weighed 
0.1G5 gram and the right contained a large hemorrhagic cyst in the cortex. The 
hypophysis weighed 0.033 gram, the largest we have encountered in thiouracil 
fed rats. 

Microscopically there was marked hypertrophy of the medulla and involution 
of the cortex. The combined cortical areas of median sections (excluding the 
cyst) were 9.59 sq. mm., while the combined medullary areas of the same sections 
were 13.30. sq. mm. Hence the medulla occupied 58 per cent of the total 
surface of the median sections. The medulla cells had grown through to the 
capsule in both glands, completely destroying the cortex for nearly half the 
circumference of one gland and gave a suggestion of neoplasm (pheoehromo- 
cytoma), but there was no invasion of the capsule. The remaining cortex was 
extremely hyperemic and greatly narrowed and the cortical zones Avere distorted. 
The cells of the cortex were small and highly vacuolated. The medulla cells 
Avere enlarged but no larger than glands shoAAniig lesser degrees of hypertrophy. 
The cells were polyhedral, arranged in nests and cords separated by a delicate 
stroma and very large irregular congested sinusoids. The cell membranes AA'ere 
distinct, the cytoplasm Avas abundant and stained a pale blue or purplish color 
A\i.th hematoxylin and eosin. The nuclei Avere large vesicular and the nucleoli 
prominent. An occasional mitotic figure Avas present (fig. 3) . 

The question arises AA’hether these hypertrophic and hyperplastic medulla 
cells are secreting an excess of epinephrine, or AA'hether like the hyperplastic 
thyroid cells their secretory activity is inhibited. All the glands fixed in Orth’s 
fluid (relatively a poor solution for demonstrating the chromaffin reaction) took 
an intense chrome stain, much more than normal control rats’ adrenals. The 
other adrenal gland in scA'eral instances AA^as used for epinephrine determination, 
using the Folin-Cannon (7) method, and epinephrine stores as much as t\Afice 
(500 mgm. per 100 grams) that present in normal adrenals (250 mgm. per 100 
grams) AA^ere found. One can conclude that there is acth^e epinephrine secretion 
in these hypertrophic meduilae. Whether there is increased excretion of epineph- 
rine has not been determined. It is somewhat paradoxical to see a high storage 
of hormone under conditions requiiing increased secretion and excretion since 
usually under these conditions glands (thyroid, pancreas) show depletion of 
the store of hormone. HoAA’eA’er, it is of interest to note that A'eiy high stores 
of epinephrine liaA'e been found in human pheochromocytoinas Avhere the patient 
exhibits continuous symptoms of epinephrine poisoning (8), as Avell as in those 
cases where the symptoms AA^ere paroxysmal. 

Data are presented from a series of seA’en experiments comprising male and 
qHnlt vfiU whioh rpppived from 40 to 120 mem. of thiouracil dailv in their 
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food from 14 to 385 days. These rats show an irregularly progressive increase 
in the size of the adrenal medulla. The hypertrophic medullae took a more 
intense chrome stain than normal adrenals and the epinephrine store as measured 
by the Folin-Cannon method was significantly greater than normal. It is 
suggested that the thyroid-adrenal medulla interrelation is a direct one. 
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It has been shown by several investigators that succinyl sulfathiazole retards 
the growth rate of rats which receive purified sucrose rations and that liver or 
liver concentrates counteract the depression in growth. The inclusion of succinyl 
sulfathiazole in purified rations decreases the amount of riboflavin excreted, 
particularly when lactose or dextrin diets are fed (1). It has also been observed 
(1) that rats gained in weight more rapidly when dextrin diets were fed than when 
sucrose or lactose diets were used. Because of these observations, and because 
most of the experiments vith sulfa drugs have been carried out with purified 
sucrose rations, the present study was undertaken with dextrin diets. 

Experimental. The dextrin basal ration consisted of casein (Labco) 24 
per cent, dextrin 67 per cent, salts IV 4 per cent, com oil 5 per cent, thiamine 
250 Mgiu., pyridoxine 250 jugm., nicotinic acid 250 ptgni., riboflavin 300 jugm., 
calcium pantothenate 2 mgm., choline 100 mgm., inositol 100 mgm. and biotin 
1.5 iigm, per 100 grams. Weanling male rats from Sprague-Dawley were used 
and each rat received 1 drop of halibut liver oil per week. One per cent of 
succinyl sulfathiazole and 2 per cent or 6 per cent solubilized liver were added as 
supplements to this ration as indicated in table 1. The supplements were added 
at the expense of the entire ration. The low riboflavin diet was prepared by 
reducing the riboflavin supplement to 60 Mgm. per 100 grams of ration. All 
rations were fed ad libitum. The average rates of growth per week from the 
1st through the 6th week for the various groups are presented in table 1. 

At the end of the 6th week, 4 of the 6 animals in each group were sacrificed by 
decapitation. The livers and tissues were prepared for analysis by the procedure 
used by Schweigert et aL (2). The riboflavin content of the samples was deter- 
mined by the fiuorometric method of Conner and Straub (3) with certain modi- 
fications, and the vitamin Be potency of the samples was determined by the 
method of Teply and Elvehjem (4). Both Streptococcus lactis R and Lacto- 
bacillus casei were used as test organisms. The liver samples for Be analysis 

^ Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station. Supported in part by a grant from the National Live Stock and Meat Board. 
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were digested for 24 hours with takadiastase at pH 4.5 prior to assay. The 
riboflavin and Be potencies of the tissues are presented in table 2. 

Discussion and results. The addition of 1 per cent of succinyl sulfathiazole 
to the dextrin basal ration markedly inhibited the rate of growth in all groups 
where solubilized liver was not added. The retardation was very pronounced 
after the third week on experiment. The addition of 2 per cent solubilized 
liver counteracted this effect, which is similar to the results observed when sucrose 
diets are fed (5). The rate of growth was 33 grams per week when the basal 
ration was fed and increased slightly to 35 and 36 grams per week when solu- 

TABLE 1 


• Growth rate of rats which received succinyl sulfathiazole and solubilized liver 



27T7MBES 


AVESAGE SATE OF GROWTH TER WEEK 


BATION 

OFAKI- 

2IALS 

1st 

2iid 

3rd 

4th 

Sth 

6th 

Ave. 
for ail 

6 wks. 

Dextrin basal 

12 

gm, 

27 

gm. 

35 

gm. 

37 

gm. 

33 

gm. 

35 

gm. 

29 

gm. 

33 

Dextrin basal +1.0 per cent S.S... 

12 

23 

24 

23 

13 

12 

13 

18 

Dextrin basal + 2 per cent Sol. 
liver 

e 

29 

42 

43 

39 

36 

29 

36 

Dextrin basal + 2 per cent Sol. 
liver + 1 per cent S.S 

6 

30 

40 

39 

35 

38 

26 

35 

Dextrin basal + riboflavin ^ to 
that in 2 per cent Sol. liver 

6 

28 

37 

42 

36 


22 

32 

Dextrin basal + riboflavin ^ to 
that in 2 per cent Sol. liver + 1 
per cent S.S 

6 

26 

26 

20 

10 

i 

' 9 

8 

14 

Dextrin basal + 6 per cent Sol. 
liver 

3 

21 

42 

50 

32 

I 

44 

27 

36 

Dextrin-low riboflavin basal 

12 

18 

16 

17 

16 

14 

11 

16 

Dextrin-low riboflavin basal + 1.0 
per cent S.S 

12 

18 

6 

9 

7 

5 

2 

8 


S.S. = Suceinyl sulfathiazole. 


bilized liver was added. Rats which received riboflavin equivalent to that found 
in the solubilized liver (230 jugm. per gram) in addition to the basal diet grew 
at the same rate as the controls. The rats which received only 60 /tgm. of 
riboflavin per 100 grams grew at an average rate of 16 grams per week and this 
was reduced to only 8 grains per week when 1 per cent succinyl sulfathiazole 
was added. 

The addition of 1 per cent of succinyl sulfathiazole had little effect on the 
riboflavin content of the livers and no effect on the riboflavin content of the 
muscle tissues either when 300 or 60 Mgm- of riboflavin per 100 grams of ratiou 
were fed. It would seem that if riboflavin were the only limiting factor in the 
diet and any beneficial synthesis of riboflavin occurred when the dextrin low 
riboflavin diet was fed, the riboflavin content of the livers or tissues might be 
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considerably lower when succinyl sulfathiazole was added. The riboflavin 
content of the liver and muscle was not affected by the addition of 1 per cent of 
succinyl sulfathiazole, which would indicate that some other factor(s) was not 
synth^ized in large enough amounts by the intestinal microbes and a slower rate 
of growth resulted. 


TABLE 2 


The effect of sucdnyl sulfathiazole \xnd solubilized liver in the diet on the riboflavin and Be 

'potency of rat tissues 

(All values expressed as micrograms per gram of fresh tissue) 








Bo POTENCY 

Bo POTENCY 


NVM- 


KCBOEIAVIN 


(S. LACTIS) 

(l, CASEI) 


SER 










OF 

ANI- 

Liver 


1 Muscle 

Liver 


Liver 


MALS 










Range 

Ave. 

Range 

Ave. 

Range 

Ave. 

Range 

Ave. 

Dextrin basal 

8 

21.0-31.0 

26.7 

2.38-2.92 

2.58 

0.34-1.18 

0.70 

0.31-1.08 

0.62 

Dextrin basal + 1.0 

per cent S.S 

8 

18.4-31.6 

23.6 

2.30-2.95 

2.54 

0.18-0.48 

0.29 

0.12-0.42 

0.28 

Dextrin basal + 2 per 

cent SoL liver 

Dextrin basal + 2 per 

4 

26.8-34.8 

31.3 

3.30-3.82 

3.61 

3.4 -6.4 

5.1 

3.1 -5.6 

4.2 

cent Sol. liver + 1 
per cent S.S.. ...... 

4 

27.4-33.0 

; 30.4 

3.31-3.84 

3.55 

3.3 -4.5 

3.9 

3.0 -4.0 

3.3 

Dextrin basal + ribo- 


flavin ^ to that in 










Sol. liver 

4 

33,1-36.8 

34.8 

3.23-3.33 

1 3.30 





Dextrin basal + ribo- 






flavin ^ to that in 










Sol. liver + 1,0 per 
cent S.S 

4 

22,1-35.6 

28.8 

3.13-3.33 

3.20 





Dextrin basal + 0 






per cent Sol. liver, . . 
Dextrin-low riboflavin 

3 

29.2-34.8 

32.4 

1 

2.98-4.05 

3.44 

5.4 -7.0 

6.0 

5.6 -6.4 

6.1 

basal 

8 1 

8.2-13.5! 

10.5| 

i 

1.01-1.30 

1.21 

0.61-1.18 

0.90 

0,55-1.30 

0.87 

Dextrin-low riboflavin 

basal + 1.0 per cent 
S.S 

8 

5.3-11.8 

8.9 

1.02-1.65 

1.31 

0.18-0.36 

0.26 

0.14-0.36 

0.26 



S.S. « Succinyl sulfathiazole. 


The addition of either 2 or 6 per cent solubilized liver, or riboflavin equivalent 
to that in solubilized liver, caused an increase in the concentration of riboflavin in 
both the liver and muscle tissue. The increase was most marked in the muscle 
tissue (from an average of 2.56 to 3.40 Mgui./gram). The magnitude of the 
riboflavin values for these tissues is similar to that obtained in earlier work with 
sucrose diets and comparable riboflavin intakes (2), It is of interest to note 
that when 760 jugm. of riboflavin per 100 grams of ration were fed (either as 
pure riboflavin or in solubilized liver) an increase in the vitamin content of the 
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tissues was observed but the growth rates were approximately the same as were 
observed when 300 jugui./lOO grams were fed. 

A marked depression in the Be potency of the livers was noted when succinyl 
sulfathiazole was added to the basal diets that contained 300 or 60 iugm. of ribo- 
flavin per 100 grams. Other workers (6) have observed similar effects when 
succinyl sulfathiazole was added to sucrose diets. The Be potency of the livers 
from rats which received 60 pigm. of riboflavin per 100 grams was slightly higher 
than the Be potency of livers from rats which received 300 jugm./lOO grams. 
This is probably due to the limited rate of growth due to the subminimal ribo- 
flavin intake. The average Be potency of the livers from 16 animals fed the 
basal diets was 0.75 figm. per gram and 0.27 pgm. per gram when 1 per cent of 
succinyl sulfathiazole was added to these diets. 

The Be potency of the livers was markedly increased when either 2 or 6 per 
cent of solubilized liver was added to the basal diet which contained 300 ngm. 
of riboflavin per 100 grams (table 2). The liver fraction as fed contained an 
equivalent of 11.5 Mgnx. of Be per gram as measured by S. lactis and 22.0 jugm. of 
Be per gram as measured by L. caseL The addition of 1 per cent of succinyl 
sulfathiazole to the diet which contained 2 per cent solubilized liver did not 
appreciably lower the Be potency of the livers. Apparently the drug did not 
affect the utilization of this factor. 

In one experiment the Be potency of the muscle tissues was determined after 
autolysis and subsequent takadiastase treatment. The muscle tissues from 
rats which received the basal diets averaged 0.23 jugni. per gram and 0.10 /ugm. 
per gram from rats which were fed 1 per cent of succinyl sulfathiazole in addition 
to the basal diet (average of 8 animals in each group). In the other 
experiments where only takadiastase treatment was used, the values were less 
than 0.10 per gram of tissue and there was no appreciable difference in the 
Be content of tissues from various groups. Work is now in progress to find better 
methods to liberate the “folic acid'' from muscle tissues as well as other tissues. 
These data show that both the riboflavin and the Be potency of the livers can 
be correlated with the dietary intake but the growth rate is not increased when 
larger amounts of riboflavin or “folic acid” sources are added to the basal diets. 

SUMMARY 

* Rats which received 1 per cent of succinyl sulfathiazole in addition to the dex- 
trin basal diet grew at a much slower rate than rats mthout the drug. The ribo- 
flavin content of the livers and muscle tissues was not affected by the ingestion 
of succinyl sulfathiazole but when either 2 per cent or 6 per cent of solubilized 
liver was fed, the riboflavin values were increased over those observed when 
300 /xgm. of riboflavin per 100 grams of diet were fed. The Be potency of 
the livers from rats which received the succinyl sulfathiazole was markedly re- 
duced as compared to the Be potency of the livers from rats which received 
the basal diets, and the Be potency of the livers was increased 5 to 9-fold by the 
inclusion of 2 or 6 per cent of solubilized liver in the diet. 
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While the chief effects of carotid body stimulation have been clearly estab- 
lished, there is still confusion regarding the precise mechanism of this slamulation. 
Following the pioneer work of Heymans et al. (summarized by Heymans and 
Bouckaert, 1939) it has been generally confirmed and accepted that anoxemia 
is a powerful and an important normal stimulus ioitiating carotid body reflexes. 
Experimentally, other stimuli, including certain drugs, are also effective. A 
short discussion of these stimuli is included in a recent article by Dripps and 
Comroe (1944). 

The drugs which have been used to produce carotid body reflexes may be 
divided into two general classes according to their mode of action (Dripps and 
Comroe, op. cit.; and others). One group, comprising the sulfides, cyanides, 
etc., apparently produce their effects by inhibiting intracellular respiratory 
enzymes, their action thus resulting in anoxemia of the affected cells. Von 
Euler, Liljestrand and Zotterman (1939) present evidence that the essential change 
occurring during anoxemia is one of increased intracellular acidity, thus support- 
ing the previous conclusion of Winder (1937) and Bemthal and Weeks (1939) 
that an intracellular change in pH is a prime factor in normal carotid body 
stimulation. 

The second group of drugs is characterized by the fact that its members, 
nicotine, lobeline, acetylcholine, etc., are s 3 maptotropic agents. Heymans and 
Heymans (1927) apparently first demonstrated the action of this group upon 
the respiratory reflexes — an action which has been abundantly confirmed by 
other investigators. It is generally assumed that synaptotropic agents, when 
applied experimentally, produce their effects in exactly those loci in which such 
substances play a physiolc^cal r61e. The action of this group of drugs pre- 
sumably indicates, therefore, that a cholinergic humoral agent is normally 
involved in the initiation of chemoreceptor reflexes. 

The experiments of von Euler, Liljestrand and Zotterman (1939, 1941) have 
analyzed further the rdle of cholineigic substances in carotid body physiology; 
these writers have been able to show that while ammonia will block carotid body 
reflexes initiated by anoxemia or by drugs which affect the intracellular pH, it 
does not block the reflexes initiated by synaptotropic drugs. Their evidence 
indicates, therefore, that the site of action of cholinergic substances is not upon 
the receptor cell, but is rather somewhere along the afferent pathway. Their 
data further indicate that this point of action on the afferent pathway is within 
the carotid body: they have recorded potentials from the sinus nerve during 

‘ This work was supported by a grant from the Duke University Research Counoill 
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cholinergic stimulation, and neither their d^eneration experiments nor the earlier 
ones of de Castro (1926) will support the assumption that this nerve differs 
anatomically, between bi’ain stem and carotid body, from other sensory nerves 
that are not affected by cholinergic Substances. Von Euler et al. have described 
this point of action within the carotid body as a synapse, although their writings 
are somewhat vague as to the anatomy involved. 

The evidence cited above indicates that a cholinergic substance is normally 
liberated in the carotid body during stimulation, and that this substance is 
involved in initiating impulses on the afferent limb of -the reflex arc. The present 
work is an attempt to identify this cholinergic substance with acetylcholine. 

Unfortunately, present methods are not sensitive enough to measure accurately 
the acetylcholine content of an organ the size of the cat carotid body, which 
weighs only about a milligram. However, a close correlation has long been 
known between the presence of acetylcholine and the enzyme that hydrolyzes it, 
cholinesterase (Nachmansohn, 1940). Accurate micro-methods are available 
for assaying cholinesterase activity (Glick, 1938; Sawyer, 1943). According to 
the studies of Mendel et al. (1943), there are two enzymes hydrolyzing acetyl- 
choline: one, found in brain tissue, also hydrolyzes acetyl-beta-methylcholine 
(Merck’s mecholyl), and has been designated as true cholinesterase; the other, 
obtained from blood serum and certain glands, also hydrolyzes benzoylcholine 
and is called pseudo-choUnesterase. Sawyer and Hollinshead (paper in press) 
have shown that in ganglionic synapses the locus of true cholinesterase, but 
not pseudo-cholinesterase, is identical to that of acetylcholine. Therefore, 
the presence of true cholinesterase is presumptive evidence of the presence of 
acetylcholine. 

If the cholinergic substance involved in normal carotid body stimulation is 
acetylcholine, carotid body tissue should be rich also in true cholinesterase. In 
the present work, therefore, carotid bodies of the cat have been analyzed for this 
enzyme. The results indicate that acetylcholine is probably not the mediator 
involved. 

Material and methods. Twelve cats were used in these experiments. 
Under ether anesthesia their thoraces were opened and their tissues freed of blood 
by perfusion through the heart with physiological saline. The carotid bifurcations 
were removed to dishes of unbuffered Ringer-Locke solution; the carotid bodies 
were then dissected out and trimmed of excess tissue under a binocuiEir dissecting 
microscope, blotted on filter paper to remove surface fluid, and placed in tightly 
corked weighing tubes. After weighing, the samples were triturated with 
powdered quartz while still in the weighing tubes. One hundred twenty-one 
microliters of 30 per cent glycerine was added to the sample, and extraction was 
allowed to proceed for 16 to 20 hours, the tissue being stirred twice during 
that time. Subsequent treatment, but for the length of the digestion period, 
was the same as that accorded extracts of ganglia (Sawyer and Hollinshead, 
op. cit.) and will not be redescribed here. The duration of the digestion period 
for carotid bodies was five hours. Total cholinesterase activity was measured 
as before against acetylcholine chloride, and relative proportions of true and 



CAROTID BODY MECHANISMS 


81 


pseudo-cliolinesterase were determined by the use of their specific substrates, 
mecholyl and benzoylcholine chloride.^ 

The results are given in terms of cholinesterase coefl&cient, Q ChE, defined 
as the number of milligrams of acetylcholine hydrolyzed in one hour by 100 
mgm. of tissue. As in the previous work the coefficients for mecholyl and ben- 
zoylcholme have been calculated in terms equivalent to acetylcholine, not in 
terms of their own molecular weights. 

In preliminary experiments, the two carotid bodies from a cat were analyzed 
separately. However, it soon appeared that the enzyme activity of the tissue 
was so low that it was impossible to obtain from that weight of tissue adequate 

TABLE 1 


Cholinesterases in the cat carotid body 


CAT 

■WEIGHT or TWO 



^CbE 



CAROTID BODIES 

^ACh 

^Mech 

% of* ACh 

^Ben2 

% of* ACh 

CA' 

mgm. 

2.7 

2,11 

0.44 


■ 

0.57 

27 

CA 

0.8 

1.69 

0.59 

SS 

1.39 

82 

CB 

1.5 

2.12 

0.35 

17 

0.69 

SS 

CC 

2.2 

3.43 

1.23 

36 

0.99 

29 

CF 

2.1 

2.99 

0.51 

17 

1.03 

H 

CG 

2.3 

0.91 

0.42 

\ 

0.45 

49 

CH 

3,0 

3.03 

0.14 

s 

1.12 

S7 

Cl 

2.1 

1.30 

0.46 

86 

0.32 

26 

CJ 

3.0 

1.65 

0.26 

16 

1 0.46 

28 

CK 

1.7 

3.59 

0.38 


1.15 

S2 

CL 

1.0 

2,81 

0.69 

\ 26 

0.83 

SO 

CN 

1.3 

2.28 

0.25 

11 

0.91 

40 


* The hydrolysis of mecholyl and benzoylcholine have been compared with ACh hydroly- 
sis, assuming the latter to he 100%, 


amounts of an extract sufficiently active for the complete determination; there- 
after, the carotid bodies from one animal were combined to form a single sample. 

Results. The results of cholinesterase assays on the carotid bodies of twelve 
cats are listed in table 1. True cholinesterase actmty (Q Mech) is almost 
invariably weaker than pseudo-cholinesterase activity (Q Benz). In fact, 
total acetylcholine hydrolysis, while dependent on both enzymes, is here much 
more closely a function of pseudo- than of true cholinesterase; the coefficient 
of correlation (r) between Q ACh and Q Benz values is 0.64; between Q ACh 
and Q Mech, r == 0.30. The interdependence of Q ACh and Q Benz is conclusive 
evidence that the carotid body enzyme hydrolyzing benzoylcholine is actually 
pseudo-cholinesterase rather than the benzoylcholinesterase recently described 
(Sawyer, in press). 

2 We are grateful to Dr. Frederick Bernheim and to Hoffman-La Roche Inc. for supply- 
ing the benzoylcholine chloride used in these assays. 
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Table 2 summarizes the data on. cholinesterases in the carotid body, adrenal 
medulla, and various ganglia and nerve fibers. Many of these data are from a 
previous paper (Sawyer and Hollinshead, op. cit.). There are several facts which 


TABLE 2 


Cholinesterases in ganglia, nerves and related structures 


OSGAN 

ANmAL 

I 

KtTUBEK 

or 

OKGANS 

AS- 

SAYED 

AVER- 
AGE 
WEIGHT 
USED IN 
ASSAY 

QchE 

aSk 

Q 

Mecb 


Benz 





mgm. 






Carotid body . . . 

cat 

24* 

2.0 

2.33 ±0.246t 

0.48 ±0.081 


0.83 ±0.095 

86 

Adrenal 









medulla 

cat 

2 

9.4 

3.93 ±2.19 

2.50 ±0.32 


1.18 ±0.80 

80 

Ganglia 









Superior cervi- 








\ 

vical sym- 








\ 

pathetic. . . 

cat 

20 

8.6 

28.4 ±1.78 

7.98 ±0.521 

28 

7.65 ±0.601 

27 


guinea 

2 

1.8 

11.7 ±1.1 

9.6 ±0.2 

82 

0.04 ±0.04 

0.8 


pig 



1 





Coeliac 

cat 

3 

9.4 

19.6 ±2.44 1 

3.31 ±0.178 

17 

5.94 ±0.819 

SO 


guinea 

1 

1.2 

48.8 

3.54 

7 

16.4 

38 


pig 








Sensory (7th 









dorsal root) 

cat 

2 

14.8 

4,52 ±0.28 

0.73 ±0.07 

16 

1.70 ±0.05 

38 

Motor fibers 

1 








Hypoglossal... 

cat 

1 

9.7 

0.49 

0.31 

68 

0.04 

8 

Cervical sym- 





i 




thetic trunk 

cat 

15 

5.0 

3.69 ±4.00 1 

2.48 ±0.234| 

67 

0.52 ±0.108 

14 

Ventral root. . 

cat 

2 

18.6 i 

0,46 ±0.05 

0.34 ±0.0 

74 

0.08 ±0.005 

17 

Mixed fibers 









Vagus 

cat 

1 

14.4 

2.89 

1.08 

37 

0.67 

28 

Sciatic 

cat 

3 

18.5 

0.69 ±0.057 

0.29 ±0.103 

4^ 

0.15 ±0.089 

22 

Sensory fibers 









Dorsal root. . . ; 

cat 1 

2 

28.8 

0.12 ±0.03 

0.04 ±0.01 

38 

0.03 ±0.004 

26 

Femoral 

1 








cutaneous... 

cat 

1 ‘ 

21.9 

0.34 

0.06 

18 

0.10 

30 


* The 24 carotid bodies were from the 12 cats 
each cat were assayed together. 


t The standard errors were calculated according to the formula SE = ^ — - 

y n{n — 


1 ) 


should be emphasized. True cholinesterase activity in the carotid body is 
very low in comparison with its level in the adrenal medulla and ganglia con- 
taining synapses. The superior cervical ganglion contains the true cholinesterase 
sixteen to twenty times, and the adrenal medulla five times, as concentrated as 
in the carotid body. In fact, certain peripheral nerve fibers such as the vagus 
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and the cervical sympathetic trunk contain the enzyme in higher concentrations 
than does the carotid body. On the other hand, the true cholinesterase level 
in the non-synaptic sensory ganglion is of the same order of magnitude as in the 
carotid body. The absolute true cholinesterase activity of the more heavily 
myelinated nerve fibers, especially sensory, is low in comparison even with the 
carotid body. 

The of ACh^^ columns have been included in the tables so that, in addition 

to their absolute activities, the relative amounts of true and pseudo-cholinesterase 
in the various organs may be compared. It can be seen that great variation 
exists in these relative activities among S5niaptic ganglia; the absolute true cholin- 
esterase level is more nearly constant. Among fibers there is a tendency for the 
relative activity of true cholinesterase to be high in motor, intermediate in 
mixed, and low in sensory, while the relative amounts of pseudo-cholinesterase 
are lowest in motor, intermediate in mixed, and highest in sensory, fibers. The 
value for true cholinesterase in the dorsal root is not significant. The sensory 
ganglion and also the carotid body have much the same relative amounts of 
true and pseudo-cholinesterase as has the peripheral sensory nerve. 

Discussion. In their otherwise illuminating papers upon the mechanism 
of carotid reflexes, von Euler, Liljestrand and Zotterman have been very vague in 
their discussions of the morphological elements involved in alterations in pH 
and the action of cholinergic substances. They have hypothecated a synapse 
along the afferent pathway, and inferred that ganglion cells, distinct from the 
physiological receptors, play a part in this synapse. These inferences seem 
unfortimate to the present writers, for their experiments are of greater signif- 
icance when interpreted in terms of known anatomical facts. 

Essentially, chemoreceptor tissue combines three elements: the first is a rich 
vascular supply, by which stimuli reach the reactive elements; the second is the 
chemoreceptor cell; the third is the abundant sensory nerve supply. The 
chemoreceptor cells have been variously, and no doubt confusingly, described 
as modified ganglion cells (MeijUng, 1938), '‘paraganglionic tissue'’ (Goor- 
maghtigh and Pannier, 1939) or simply as specialized sensory cells (HoUinshead, 
1943). Whatever the name attached to them, however, it must be realized that 
these cells form the bulk of chemoreceptor tissue, and to them must be attributed 
the specific reactions of chemoreceptor tissue. They are not merely supporting 
cells for the inter-mingled sensory nerve fibers, for their cytological structure 
indicates physiological activity and high specialization (de Castro, 1926; HoUin- 
shead, op. cit.). It is undoubtedly these specific cells which are affected by 
anoxemia — the changes in intracellular pH associated mth normal and certain 
pharmacological stimuli of chemoreceptor reflexes occur within these cells. This 
has probably been assumed by most investigators, but has not always been 
clearly enunciated. 

The origin and site of action of cholinergic substances has been still less clearly 
interpreted in morphological terms. The “ganglion cells” referred to by von 
Euler and his co-workers may be either of two elements, it is not clear which; 
either they are true ganglion cells, which are found occasionally in or within the 
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vicinity of chemoreceptor tissue, or they are the modified ganglion cells described 
by Meijling. True ganglion cells and their axons are not sufficiently numerous 
in chemoreceptor tissue to play the important r61e assigned ganglion cells by 
von Euler et al ; in so far as they affect chemoreceptor function they are undoubt- 
edly vasomotor elements as de Castro (op. cit.) indicated. The modified 
ganglion cells of Meijling are really the chemoreceptor cells themselves, a fact 
which has apparently not been appreciated by von Euler et al. Thus the phys- 
iological receptors and the ganglion cells of von Euler are the same things, and 
the synapse which they hypothecate must actually be the point of contact 
between the chemoreceptor cells and the third element of chemoreceptor tissue, 
the sensory nerve endings. 

Meijling has interpreted this point of contact as having the properties of a 
synapse, although he has described morphological continuity between the 
sensory nerve fibers and the chemoreceptor cells. According to most authors, 
(de Castro, op, cit,; Nonidez, 1935, 1937; Goormaghtigh and Pannier, op. cit.; 
Hollinshead, 1939, 1940) these* endings lie in close apposition to, but not within, 
the chemoreceptor cells. Von Euler and his co-workers have rejected the idea 
of a direct action of cholinergic substances upon these endings, because sensory 
nerve endings are not, as a rule, so stimulated. However, as Dripps and Comroe 
(op. cit.) also point out, many sensory fibers, including the pressoreceptors from 
the carotid sinus, would not be expected to respond to chemical stimuli, for they 
are normally affected by mechanical distortion of their immediate surroundings. 
In showing that the action of cholinergic substances is not upon the chemore- 
ceptor cell, von Euler et al. have actually proven that this action is upon the 
sensory nerves; these are the only additional morphological elements in the 
afferent path. Whether the point of contact between these sensory endings and 
the chemoreceptor cells should be termed a synapse appears immaterial. 

The work of von Euler and his co-workers indicates, therefore, that the normal 
mechanism of carotid body stimulation involves two phases: the first is a change 
of pH in the chemoreceptor cell; the second is a liberation of a cholinergic sub- 
stance to affect the sensory endings. The only apparent source of this cholinergic 
substance is the chemoreceptor ceU. 

For a microchemical analysis of the chemoreceptor cell, as undertaken in the 
present work, the carotid body of the cat is an especially favorable specimen. 
It is a compact, rounded body about a millimeter in diameter, and can easily 
be isolated under the dissecting microscope. In contrast to the carotid body 
of dog and man, in which there are scattered cell 'groups or lobules separated 
by abundant connective tissue, the cat carotid body is primarily cellular (fig. 1) 
with few connective tissue elements, although it is, of course, abundantly vas- 
cular. Since the results of analysis for the enzymes are usually stated in terms 
of the hydroly 2 dng power per unit weight of tissue, this homogeneity is obviously 
important. 

In a previous paper (Sawyer and Hollinshead, op. cit.) the true cholinesterase 
content of tissues has been shown to be closely correlatfid, as a rule, with the 
known acetylcholine content of those tissues, while the pseudo-cholinesterase 
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bears no direct relation to the presence of acetylcholine. Inspection of table 
2 will reveal that the true cholinesterase content of sympathetic ganglia of the 
cat and guinea pig, and the adrenal medulla of the cat — that is, those places 
in which acetylchoHne is known to be liberated upon nerve stimulation — ^is 
high, in contrast to the relatively low concentration found in dorsal root ganglia. 
The carotid body contains even less true cholinesterase than dorsal root ganglia, 
and therefore presumably no physiologically significant concentration of 
acetylcholine. 

If the carotid body cell-sensory nerve fiber relationship were a synapse employ- 
ing acetylcholine as the transmitter, then true cholinesterase should be produced 
by the carotid body cells, and if these latter elements were the source of the 



Fig. 1 Fig. 2 

Fig. 1. Section of a carotid body of a cat, stained with acid fuchsin and Masson’s aniline 
blue mixture. The numerous cell groups are separated from each other by blood vessels 
primarily; the whole forms a compact organ. X 85, as reproduced. 

Fig. 2. Section of a carotid body of a cat showing the numerous nerve fibers within it. 
Pyridine-silver stain. X 85, as reproduced. 

cholinesterase found here, the connective tissue and the blood vessels must 
obviously be regarded as dilutents of these. In the adrenal medulla, however, 
the nerve fibers and endings, the sources of its cholinesterase activity, are insignif- 
icant in bulk per unit weight of gland, yet its cholinesterase value is high. Since 
in the carotid body cholinesterase activity is low, although its specific cells are 
in overwhelming preponderance per unit weight of tissues, it is clear that if 
these cells are the source of the enzyme, the concentration within the cells must 
be very low. However, the carotid body itself has very numerous nerve fibers 
within it (fig. 2), approximately as abundant as those within the adrenal medulla; 
it seems not impossible that such cholinesterase activity as does exist in the 
carotid body may be due largely to the presence of these sensory nerve fibers 
^yith their relatively low content of acetylcholine. This \iew is favored bj^ the 
fact that the relative amounts of true chohnesterase and pseudo-cholinesterase 
are similar in sensory fibers and carotid body. 
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The experiments of von Euler and his co-workers indicate the release of a 
cholinergic substance during normal carotid body stimulation. True cholin- 
esterase is of course a specific enzyme, and the methods used here in analysis 
would not, therefore, indicate the presence or absence of cholinergic substances 
other than acetylcholine. The experiments of Christie (1933), though inter- 
preted at that time as proving an endocrine function for the carotid body, have 
indicated that carotid body tissue does contain a cholinergic substance; while 
similar in certain physiological properties this substance is not, according to 
Christie, acetylcholine. The present findings are in agreement with this latter 
conclusion; the low concentration of true cholinesterase found here does not 
support the assumption that the humoral element involved in carotid body 
stimulation is acetylcholine. 


SUMMARY 

The experiments of previous workem indicate that initiation of carotid body 
reflexes is normally dependent upon an alteration in pH of the chemoreceptor cells 
and a release of a cholinergic substance by these cells. A microchemical analysis 
of the carotid body has shown, however, that the true cholinesterase content 
of this organ is very low, in sharp contrast to the high true cholinesterase level 
characteristic of organs in which acetylcholine acts as a synaptic transmitter. 
The results of this analysis indicate, therefore, that the humoral mediator 
between chemoreceptor cell and sensory nerve fiber is not acetylcholine. 
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Russell, Long and Wilhelmi (1944) recently reported a marked reduction of 
oxygen uptake in liver slices from rats in severe hemorrhagic shock, and consid- 
ered that this was a consequence of lack of oxygen. Kidney slices from these 
bled rats showed little depression of respiration. Similar results were obtained 
after exposing slices of liver and kidney to an atmosphere of nitrogen in vitro (cf . 
Craig, 1943; Fuhrman and Crismon, 1944). 

These results show that the liver is more severely damaged by anoxia than is 
the kidney. It is therefore of interest to examine other organs known to be 
sensitive to anoxia. In particular an examination of the heart and brain appears 
to be indicated. It is known that the mammalian heart can vdthstand anaerobic 
conditions for only very brief periods. E\ddence of impaired mechanical re- 
sponse becomes apparent within one minute after clamping a coronary artery 
(Green and Wegria, 1942; Blumgart et at, 1941). In vitro, rapid loss of the 
capacity for oxygen consumption follows semi-anaerobic incubation of rat heart 
at body temperature (Bernheim and Bernheim, 1944). In the brain, severe 
anoxia can lead to rapid development of a persistent electrical silence in the 
electroencephalogram (Kessler et al, 1943). For comparison ‘we have determined 
the rate of oxygen uptake of rat liver, kidney cortex, cerebral cortex, cardiac 
muscle and skeletal muscle after subjecting the animals to progressively decreas- 
ing atmospheric pressures until death occurred. 

Methods. Adult male albino rats of the Slonaker-Wistar strain weighing 
from 175 to 240 grams were used in the anoxia experiments. They were fed 
a stock diet consisting of dry dog food. 

Six rats were made anoxic by placing them in small glass chamber which was - 
evacuated by means of an aspirator. The pressure was measured vith a mer- 
cury manometer and was regulated manually by means of a bleeder valve. 
Pressures of 440 and 320 mm. Hg were maintained for about 15 minutes. The 
pressure was then reduced 40 mm. each 10 minutes until respiration ceased. 
This occurred in all animals within 3 minutes after the pressure had been reduced 
to 80 mm. Hg. • The animal was removed from the chamber 30 to 45 seconds 
after the last respiratory movement and transferred to a cold moist chamber 
(Fuhrman and Field, 1944) for preparation of the tissues. One rat was placed 
in a chamber containing soda lime and calcium chloride and permitted to re- 
breathe at constant atmospheric pressure until respiration ceased. Nitrc^en 
was used to replace the oxygen as it was used. 

^ Supported by grants from the John and Mary R. Markle Foundation and from the 
Fluid Research Fund of the Stanford University School of Medicine. 
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Tissue slices were prepared from cerebral cortex and heart ventricle by means 
of a razor blade and template (Fuhrman and Field, 1943), from kidney cortex 
with a modified Terry microtome (Terry, 1937) and from liver with a Martin 
(1942) sheer. Strips of skeletal muscle were teased from the adductor group 
of the hind leg (Hollinger, 1944). Oxygen consumption was measured by the 
direct method of Warburg in Einger-phosphate solution containing 0.2 per cent 
glucose. The experimental details were the same as described elsewhere (Fuhr- 
man and Field, 1943, 1944, 1945). Oxygen consumption is expressed in jul. 
per mgm. initial dry weight tissue per hour (QOj). The QOs on an initial wet 

TABLE 1 

Oxygen consumption of excised tissues from normal rats and from rats subjected to acute anoxic 

anoxia 

QO 2 determined in Ringer-phosphate with 0.2 per cent glucose at 37.7®C. Duplicate 
determinations were made on each tissue from a given animal. Rates of oxygen consump- 
tion remained constant for at least 60 minutes except in the case of heart where the QO 2 
was calculated for the period during which it remained constant, usually the first 40 minutes 
after thermoequilibration. 


TISSVE 

1 

MEAK 

WATER 

CONTENT* 

% 

2 

' CONTROL SERIES 

ANOXIC SERIESf 

Number 

1 animals 

3 

Mean 

QO 2 

4 

S.E. of 
mean 

5 

Mean 

QO 2 

6 

S.E. of 
mean 

7 

Pt 

8 

Cardiac muscle 

75.49 

16 

10.00 

0.45 

6.48 

0.66 

0.001 

Liver§ 

69,42 

7 

9.83 

0.17 

7.87 

0.15 

0.001 

Skeletal muscle 

75.68 

8 

3.02 

0.12 

3.16 

0.14 

0.2 

Cerebral cortex 

80.59 

9 

10.64 

0.19 

10.99 

0.26 

0.3 

Kidney cortex 

75.66 

9 

16.52 

0.71 

16.81 

0.36 

0.7 


* Water content for cerebral cortex and kidney cortex from Fuhrman and Field (1942), 
for liver from Fuhrman and Field (1945), for skeletal muscle from Hollinger (1944) and for 
cardiac muscle from unpublished results of this laboratory. 

t The anoxic series consisted of seven animals. 

t Probability that such differences in QO 2 as were observed between column 4 and column 
6 would occur in random sampling. 

§ Liver QO 2 corrected for glycogen content and expressed on a glycogen-free basis 
(QO 2 GF) (Fuhrman and Field, 1945) . 

weight basis was converted to the QO 2 on an initial dry weight basis by correction 
for the water content determined on aliquots of each tissue (table 1, column 2). 

Results. The results of the determination of oxygen consumption of normal 
tissues and tissues from rats dead from acute anoxia are given in table 1, Only 
in the heart and liver is the QO 2 of the tissue from the anoxic animals lower than 
that of the controls. In the case of liver the difference amounts to 20 per cent; 
for heart 35 per cent. The differences between the QO 2 of the control and anoxic 
skeletal muscle, kidney and cerebral cortex are not statistically significant. It 
is thus clear that anoxia of the degree and duration used results in damage of 
only the liver and cardiac muscle, if the criterion of damage be depression of oxy- 
gen uptake in glucose medium. 
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Discussion. It was to be expected that the respiration of excised liver would 
be depressed by anoxic anoxia in view of the findings of Russell et ah in which 
anoxia resulted from hemorrhage. Beecher and Craig (1943), however, found 
that oxygen uptake of the liver from hemorrhaged cats starved 24 hours was not 
significantly different from the controls. Russell et ah (1944) cite unpublished 
experiments showing a depressed oxygen consumption of liver tissue from cats 
in hemorrhagic shock after fasting 48 hours. Craig (1943) reported that anoxia 
in vitro depressed the oxygen consumption of liver from fasted rats more than 
that from fed animals. These differences are probably due to differences in 
glycogen content of the liver (cf. Fuhrman and Crismon, 1944). In the present 
experiments glycogen was determined on samples of fresh tissue from each animal. 
The mean glycogen content of the seven anoxic rats’ livers was 0.79 per cent, a 
marked reduction below that of the controls (4.12 per cent). It is not certain 
that this reduction of liver glycogen in vivo during anoxia leads to a concomitant 
injury to the liver as a result of the reduced oxygen supply but there is reason to 
believe that this might be so. However, it seems probable that liver from rats 
with high glycogen reserves, as well as that from animals in which the liver 
glycogen is not so readily depleted by fasting (cats), may show less' depression 
of oxygen consumption following anoxia. 

Russell, Long and Wilhelmi (1944) reported that the different effects of glucose 
on the oxygen uptake of liver and kidney following anoxia “lend support to the 
interesting point that the order of resistance to damage of the tissues under these 
circumstances — sliver < kidney < muscles — ^is the same as that of their ability 
to utilize glucose, both aerobically and anaerobically.” The results reported 
here enable us tentatively to divide the tissues studied into two groups: 1, 
liver and cardiac muscle, characterized by relative inability to utilize glucose 
and low resistance to damage by anoxia; 2, cerebral cortex, skeletal muscle and 
kidney cortex, characterized by ability to utilize glucose and relative resistance 
to anoxia. Thus, van Harreveld and Tyler (1942) have shown that spinal cord 
regains, for a time at least, the initial level of oxygen consumption after as long 
as 60 minutes of asphyxia. When these tissues are subjected to an atmosphere of 
nitrogen in vitro^ and the oxygen consumption subsequently determined in oxy- 
gen, the order of increasing resistance to damage by anoxia appears to be liver 
and cardiac muscle < kidney < cerebral cortex and skeletal muscle (unpub- 
lished data). Furthermore, it is of considerable interest that after acute high 
altitude anoxia in man one of the most consistent histological findings is the 
occurrence of fat-free, glycogen-free vacuoles in the myocardium and liver 
(Kritzler, 1945). These findings of the low resistance of cardiac muscle to acute 
anoxia are in harmony with those of Green and Wegria (1942) and others which 
indicate rapid loss of function following occlusion of the circulation in the intact 
animal. 


SUMMARY 

The rate of oxygen consumption of rat liver, kidney cortex, cardiac muscle, 
skeletal muscle and cerebral cortex was determined in vitro after subjecting the 
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animals to progressively decreasing atmospheric pressures until death occurred. 
When compared with the QO 2 of control tissues, the oxygen consumption of the 
liver and cardiac muscle of the anoxic rats was found to be decreased 20 per cent 
and 35 per cent respectively. The QO 2 of the remaining tissues studied was not 
significantly different from the controls. 
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It is generally appreciated by clinicians and experimentalists alike that 
tranfusions of ideal solutions are of only temporary benefit in advanced stages 
of shock. Well defined opinions exist as to why this happens. Probably the 
most generally accepted hypothesis is that cardiac output again decreases 
progressively because venous return fails, as it is known to do during develop- 
ment of shock. This only leads to another question, why is the returning volume 
of blood again reduced after transfusion? Two mechanisms are commonly 
invoked: 

1. Transfused fluids, including their colloids, continue to be lost by virtue 
of the fact that capillary endothelium generally has become more permeable, 
as a result of prolonged vasoconstriction, hypotension, anoxia, toxemia, etc. 

2. Venous blood becomes stagnant in capillaries and venules and cannot be 
moved onward, owing to loss of vascular tonus, diminution of surrounding tissue 
pressure, hypotonia of skeletal muscles, or failure of some other venopressor 
mechanism. The author has questioned whether substantial evidence exists 
that either capillary or venous mechanisms default significantly during shock 
(1). If either of these mechanisms is concerned with progressive failure of the 
circulation after substantial infusions of proper solutions have been administered, 
then it may be anticipated that central venous pressures should again fail. 

In 1942 we (2) described a method for production of standardized shock which 
lends itself admirably to a comparative study of central venous — or right atrial — 
pressures after simple hemorrhages and during the progressive circulatory 
failure which follows several hours after reinfusion of the withdrawn blood. 

Briefly, a dog anesthetized mth morphine and sodium barbital is bled from 
a femoral artery at a rate of about 50 cc./min. until mean pressure is reduced 
to 50 mm. Hg. Such a pressure is maintained for 90 minutes by small additional 
withdrawals of blood. At the end of this period mean arterial pressure is reduced 
and maintained at a critical level of 30 mm. Hg for another 45 minutes by careful 
withdrawal of small additional amounts of blood. If a state of mild hyper- 
thermia is maintained this practically always induces an irreversible state. 
The blood which has been withdrawn into heparin and kept cool is then warmed 

1 Supported by a grant from the Commonwealth Fund. 
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and reinfused at a rate somewhat less than 50 cc./min. Since the water lost 
by the dog through evaporation and urinary secretion is approximately corrected 
by occasional small infusions of saline solution, since the spleen remains con- 
stricted (3), and since fluid has entered the circulation from tissues (loweiing 
of hematocrit readings), it may be assumed that the original circulating blood 
volume has been more than restored. However, the restoration of arterial 
pressure is not permanent; within | to 4 hours, cardiac output/min. (4) 
and arterial pressures decline progressively until the animal dies. It can be 
added that additional infusions of serum, artificial colloidal solutions, or saline 
are also ineffective. The condition obviously resembles one that occurs in 
man after large losses of blood, which is not benefited by adequate transfusions 
of blood, plasma or colloidal solutions. 

ABC 



Kg. 1. Plots of three series of experiments showing effective venous pressures. C, con* 
trol; HH, hemorrhagic hypotension; PI, post-infusion; jffS, hemorrhagic shock following 
infusion; D, death. Discussion in text. 


Effective venous {right atrial) pressures following loss of blood and during cir- 
culatory failure following reinfusion. Since right atrial pressure is affected, not 
only by the volume of blood returned and that removed per unit time by the 
heart, but also by changes of negative intrathoracic pressure, it is not permissible 
to base conclusions on venous pressures recorded by instruments balanced against 
atmospheric pressure. This is particularly true since we have found that intra- 
thoracic pressure changes during the course of our experiments. Consequently, 
it is necessary to determine the respiratory changes of intrathoracic pressure 
simultaneously and to calculate the algebraic differences between these pressures 
and recorded venous pressures, i.e., the effective venous pressures. We have 
recorded such pressures by optical manometers during various stages of hemor- 
rhage and post-transfusion failure and have calculated the mean effective pressure 
from such records during the brief phase of expiratory apnea. 

The results of 48 such experimraits are plotted as charts A and B in figure 
1. Chart A shows results of 18 dogs which (Offered from a group of 30 dogs 
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in chart B. In both, columns C indicate control readings of effective mpa n 
atrial pressures and columns HH similar pressures 10 to 20 minutes after a 
stabilized 50 mim. Hg level of post-hemorrhagic hypotension had been reached. 
We notice in both sets of observations a general lowering of effective venous 
pressures during this period, the mean of ah observations being indicated by 
a cross line. Following blood reinfusion after an additional 30 mm. 'ELg period 
of hypotension, effective atrial pressures usually rose to or above control values 
in individual experiments and the means are apparently higher in both groups 
of experiments (columns PI). 

The effective mean venous pressures after arterial pressures had again declined 
to 50 mm. Hg — ^the intervab after infusion varying — are recorded in columns 
HS. In the group of 18 dogs plotted in chart A, effective atrial pressures were 
again reduced, but neither individually nor collectively to quite as low levels 
as during hemorrhagic hypotension. In the larger group of 30 dogs plotted 
in chart B, very little reduction occurred, — ^indeed, the low^t pressure was 
60 mm. saline, a value commonly regarded as adequate for normal filling of the 
heart (Y. Henderson; Wiggers). The final column D indicates the effective 
pressures shortly after death in the animals in which it was reliably determinable. 
In the first group, these also were not low and, in the second, comparable to those 
on death of nonshock dogs. From such data it is difficult to draw the inferences, 
either that vascular capacity had increased significantly, or that the circulating 
blood volume had decreased. On the contrary, they strongly surest that 
cardiac failure played a considerable part in the circulatory failure which occurred 
in the group of 30 dogs. However, before such a far reaching inference is drawn 
it is important to inquire whether some other interpretation can be made or 
whether some experimental error might have been introduced. 

Actual atrial pressures after Tcemorrhage and restoration of blood volume. While 
calculations of effective atrial pressures constitute the only method for evaluating 
effective filling pressures, the question arose whether the usual methods for 
recording intrathoracic pressures can be subject to technical errors, particularly 
when employed over a long period of time. The natural pleural cavity consists 
of a minute layer of serous fluid between the two pleural layers. In order to 
measure pleural pressures the lung tissue is pushed away by means of a trocar, 
thus forming a small pocket. As a rule, successful recordinp are not obtained 
unless a small amount of air is purposely or unwittingly introduced to maintain 
the pocket. Now the changes of pressure, recorded with equal expansion of 
the chest, depend on the size of air pockets, as can easily be verified by introduc- 
ing volumes of air sufficient to constitute a partial pneumothorax. 

If, during a long experiment, additional small quantities of air should surrep- 
titiously enter, or if a part of the air should be absorbed, the size of the pocket 
would vary and the pressure recorded during inspiration and expiration would 
alter. Furthermore, it has never been demonstrated that the intrathoracic 
pressure is equal throughout the chest, nor is it probable that the negative pres- 
sures recorded from pleural or mediastinal spaces are quite equal to those which 
immediately surround the heart and large vessels. We therefore tried to eliminate 
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such a possible error by performing a series of 12 additional experiments in which 
atrial pressures were recorded optically after making an effective pneumothorax 
by retraction of a large incision in the third right intercostal space. Under 
such conditions, the thoracic vascular system and heart are under constant 
atmospheric pressure and the recorded right atrial pressure becomes the effective 
filling pressure for the right ventricle- Moreover, an exact constant placement 
of the atrial sound was assured through digital and visual examination. Our 
past experience was again duplicated. In spite of utmost precautions regarding 
anesthesia, operative trauma, hemostasis, etc., and with maintenance of arterial 
pressures, such operative procedures introduce some unknown factors in conse- 
quence of which animals withstand much less loss of blood. In some dogs, 16-20 
cc-/kilo sufficed to lower pressures to the 50 mm. Hg level, and the period, 
30 mm. Hg hypotension, tolerated was much reduced. Furthermore, uncon- 
trollable seepage of blood is apt to develop after reinfusion of heparinized blood. 
As a result, only three experiments were realized in which the bleeding volumes 
and periods of hypotension were comparable to those obtained in animals that 
breathe naturally. 

All of the animals which tolerated less initial hemorrhage and hypotension 
showed about the same reduction of atrial pressure after transfusion as during 
the initial hemorrhagic hypotension, indicating that reduction of venous return 
was a significant factor. These results are shown in graph C of figure 1. It 
is impossible to determine the extent to which continued seepage of heparinized 
blood contributed to such reduction . The three animals that were more resistant 
to hemorrhage, but also developed shock after reinfusion, revealed mean atrial 
pressures which were slightly below or above those at the start. 

Figure 2 shows segments of optical records from one of these experiments. 
Experimental data are given in the legend. Shortly after two successive initial 
hemorrhages of 220 and 195 cc. respectively (cf. B and C with A), and during 
persistence of the severe hypotension (D), the mean atrial pressure, determined 
by planimeter measurements, was definitely reduced. Mean atrial pressure 
was fully restored after transfusion (E) and increased still further during the 
next hour (F). During this time, arterial pressures and the form of the arterial 
pressure pulse did not deteriorate significantly. During the following hour 
(G), circulatory failure began and mean atrial pressure was more significantly 
reduced than the appearance of the curves indicates (see legend). During the 
next hour, however, venous pressures started to rise again (H) and this continued 
progressively until the end (I, J, K). Segment L shows a death pressure of 
8.5 mm. Hg. 

A study of the actual curves reproduced in figure 2 shows that mean atrial 
pressure is greatly affected by the amplitude of the atrial wave and the negative 
effect of each succeeding ventricular contraction. During the period of post- 
hemorrhagic hypotension (B-C, D), the atrial pressure is not only less during 
diastole but the atrial wave (A) is much smaller in comparison to that in segment 
A. However, the negative effect of ventricular systole also becomes less as 
the systolic discharge decreases. After transfusion we note the customary 
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Fig. 2. Segments of records during posthemorrhagic hypotension, after infusion and 
during hemorrhagic shock. Systolic/diastolic pressures and venous pressures at beginning 
of inflow and summit of atrial contraction curve A marked on records. Note shift in atrial 
pressure in relation to base lines and recalibration between B and C and G and H. L — 
death pressure. 

Calibrations in millimeters of mercury apply as follows: Upper left to A-B; upper right 
to C'D; middle left to E-F-G; middle right to L; lower left to H-I-J-K. 

A— 11.50— control 30 min. after opening chest— arterial pressure curves cut off to main- 
tain uniformity of mounting — mean atrial pressure (MAP) = 4.5 mm. Hg; B — 12.00 — after 
220 cc. hemorrhage, MAP = 3.0 mm. Hg; C— 12.35— after total of 395 cc. hemorrhage, MAP 
=* 2.3 mm. Hg; D—1 .35— posthemorrhagic hypotension, MAP = 3.0 mm. Hg; E— 2.25— 4 
min. after reinfusion of 325 cc. blood, MAP = 5.5 mm. Hg; F — 2.35 — same, MAP — 8.8 mm. 
Hg; G — 3.30 — beginning circulatory failure, MAP = 3.5 mm. Hg; H — 4.30 — same, MAP — 
5 mm. Hg; I— 5.10— same, MAP = 7 mm. Hg; J— 5.15— same, MAP =» 8.8 mm. Hg; K— 5.16— 
same, MAP = 8.0 mm. Hg; L— death pressure, MAP = 8.5 mm. Hg. 

slowing of the heart, a material elevation of diastolic atrial pressure, but no 
immediate restoration in the amplitude of the A wave, or the negative ventricular 
effect. It appears that, despite an increase in the initial tension, contraction 
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of the right atrium must be less forceful. This continues to be true in segment 
F. During the hour intervening between segments F and G, the diastolic 
atrial pressure fell progressively. This decline seems to be associated with a 
larger A wave and a greater negative ventricular effect. As circulatory failure 
progresses, these relations are reversed; diastolic atrial pressure rises and the 
force of atrial contraction diminishes progressively. Such curves raise the ques- 
tion whether ventricular filling and systolic discharge may not be determined 
more by the vigor of atrial contraction, as expressed by the summit of the A 
wave, than by mean atrial pressure. 

The relation of atrial pressures to volume curves. It is one of the disadvantages 
of morphine-barbital anesthesia that the heart rate is usually increased far beyond 
the common range of tachycardia in man. Thus, in a series of 190 dogs, the 



Fig. 3. Temporal relation of atrial venous wave (upper records) to ventricular filling as 
shown by volume curves of ventricles (lower curves). A, control at different cycle lengths; 
B, during hemorrhagic hypotension; C, after reinfusion of blood; D, during subsequent hem- 
orrhagic shock. 

rate ranged from 155 to 185 in 55 per cent, from 185-212/min. in 11 per cent, 
and averaged 97 in only 34 per cent. Significant operative procedures usually 
increase heart rate above 155/min. in all animals. This has the effect of bringing 
the whole period of ventricular filling during atrial systole. The altered relation- 
ship of atrial systole to ventricular filling as the heart slows is shovn by the 
series of transcribed curv^es of figure 3-A, in which progressive slowing followed 
vagus stimulation. We note that at the initial heart rate of 230/min. ventric- 
ular filling occurs enthely during atrial systole, but, when the heart slows 
progressively, increasing periods of rapid inflow and disastasis precede atrial 
contraction. During the 50 mm. Hg period of hypotension (B) when atrial 
pressures are reduced, sufidcient slowing occurs to allow a short interval of inflow 
previous to atrial contraction. After reinfusion of blood (C) the heart has slowed 
a little more and, oving to elevated venous pressure at the moment the A-V 
valves open, a larger hydrostatic inflow is made possible, but the dominant 
filling still occurs during atrial systole. As circulatory failure develops and with 
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essentially the same heart rate, ventricular fflimg is reduced as a result of both 
decreased hydrostatic effect and weakened atrial systoles. Such analyses 
indicate that, while reduction in the force of atrial systole contributes to reduced 
ventricular filling, it is not the only factor involved; essentially similar effects 
would operate were the heart rate slower. The fact that the ventricles are 
extremely dilated at the time indicates that myocardial depression rather than 
impaired fiilling pressure is the cause of the reduced systolic discharge. 

Static equHiimum during hemorrhage and shock. In 1935 Y. Henderson and 
associates (5) recalled, repeated, and reinterpreted an experiment reported by 
Biml in 1928: The pulmonary artery of a cat is suddenly clamped and the pressure 
and volume of blood flow from a trocar inserted into the right atrium are deter- 
mined. A half or more of all the animal’s blood (3-3.5 per cent body weight) 
runs out in three minutes under an initial pressure to 10 to 12 cm. of blood. This 
propulsion was attributed by Y. Henderson et al. (5) to a force exerted by tissue 
pressure which, in turn, was attributed to muscle tonus. The fact that most 
of this blood does not come from muscles was ignored. 

The experiment is not essentially different from one in which heart action is 
abruptly stopped and has generally been explained by establishment of hydro- 
static equilibrium throughout the vascular system, as a result of which the larger 
part of the circulating blood accumulates in the more capacious veins and cham- 
bers of the right heart. It is also a corollary of the static equilibrium concept 
that the volume and pressure of blood in the veins and the ri^t heart should 
rise and fall with increase or decrease in circulating volume. 

For this reason we measured the effective venous pressures immediately after 
death. As already analyzed, in the majority of shock animals the death pressures 
were not significantly different from those found in animals that do not die of 
shock. However, since death pressures can be measured only once and com- 
parisons must be made between different groups of animals, we attempted to 
study pressures during static equilibrium a number of times m the same animal. 
This was done by the simple expedient of producing complete cardiac inhibition 
by stimulating the peripheral end of a vagus nerve. This inhibition was sustained 
sufficiently long in six experiments on open chest animals to lower arterial pres- 
sures to 28 or 30 mm. Hg. A typical result of such an experiment is shown in 
figure 4. Graph A shows data regarding the decline of arterial and the rise 
of right atrial pressures under control conditions. As expected, the latter rose 
progressively to a fairly stable level. Graph B plotted from records during 
the period of 30 mm. Hg hypotension shows no rise of venous pressure. Graph 
C, giving data during vagal inhibition about 10 minutes after reinfusion, shows 
that, while venous pressures start a little below control A, a progressive rise to 
practically the same end point as in ciuve A occurs. (Note different ordinate 
scales for curves A,B and C,D.) Graph D gives data from another test made 
after post-infusion circulatory failure had progressed to a 50 mm. Hg level of 
arterial pressure. In comparison with curve B a significant rise of venous pres- 
sure resulted. Unfortunately, the final stimulation led to death of the animal 
with venous pressures essentially those produced initially by vi^al stimulation. 
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Such results again fail to support the ‘loss of tonus” theory if Henderson’s 
postulates are accepted, or any “exemia” theory of shock if the common explana- 
tion of static pressure equalization holds. 

Discussion. During the past three years we have developed and improved 
(1) a method for production of standardized hemorrhagic shock. In addition, 
we have studied fairly completely the incidence of hemodynamic changes during 
the two periods of posthemorrhagic h 3 rpotension and during the circulatory 



Fig. 4. Plots showing decline of arterial pressure (upper series) and changes in central 
venous pressures (lower series) during prolonged vagal inhibition of heart. 

A, control; J5, during 30 mm. Hg period hypotension; C, 5 min. after completion of rein- 
fusion; D, during development of hemorrhagic shock; mean arterial pressure 58 mm. Hg; 
ordinates for arterial pressure curves in millimeters of mercury; for venous pressure curves 
in millimeters of mercury. To prevent overlap, venous curves C and D are plotted accord- 
ing to slightly raised scale on right. 

failure which follows reinfusion. The trend of changes is brought together in 
figure 5. Briefly, the hematocrit readings decreased progressively during the 
periods of moderate and marked posthemorrhagic hypotension, but gradually 
returned toward or to the normal after reinfusion of blood. Cardiac output 
per minute and systolic discharge, determined both by cardiometric (6) and by 
a modified Stewart method (4), were reduced to 29 to 45 per cent of control 
values during the posthemorrhagic hypotension periods. After reinfusion, 
systolic discharge was often increased greatly, but, omng to persistence of a 
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slower heart rate, the nunute output of the ventricles rarely quite reached control 
values (average ca 85 per cent). During the subsequent period of circulatory 
failure, cardiac output/min. dropped progressively. Changes in total peripheral 
resistance calculated from measurements of cardiac output/min. and mean 
arterial pressures were extremely variable, sometimes increasii^ and at other 
times decreasing during the posthemorrhagic hypotension period and early 
periods following reinfusion (4). However, as arterial pressures prc^essively 
failed, total peripheral resistance rather consistently decreased. The spleen 
cOhtracted sharply during the first hemorrhage and generally remained so until 



Fig. 5. Summary of average course of events during moderate hemorrhagic hypotension, 
w; severe hypotension, x; after reinfusion, y, and hemorrhagic shock, s. B, bleeding and 
reinfusion; If, hematocrit trend; CO, cardiac output/min. ; TPS, total peripheral resistance ; 
BAP, effective atrial pressure (dominant trend). 

the end (3) . In short, the general course of events corresponded to that generally 
accepted in various types of shock. However, the generally accepted coroDary 
that the reduction of cardiac output per minute after transfusion is due solely 
to progressive reduction of venous return is not supported by da4a in this and 
previous communications. 

Without question, when circulating volume is appreciably r^uced, as in 
large hemorrhages or throu^ great loss of plasma, arterial pressures decline 
progressively to low levels, chi^y because an insufficient volume of blood is 
returned to the heart (initiaiing factor). Our stage of drastic hemorrhagic 
hypotension is comparable to such conditions. If such a state of hypotension 
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is severe and prolonged enough, it leads to death from respiratory or myocardial 
tailure {lethal factors)^ Slowing of the heart, slight rise of central venous pressure, 
decreased force of atrial contraction, and slight increase in cardiac size (7) are 
earmarks of such terminal cardiac failure. 

If death does not supervene, irretrievable damage of an unknown nature 
generally — but not always — occurs; a state of hemorrhagic shock develops. 
Unfortunately, the existence of such an irreversible state cannot be detected 
otherwise than by the sustained response of the heart and blood pressure to 
reinfusion of the withdrawn blood. For laboratory studies we have therefoire 
not declared an animal in shock until failure of such a sustained response had 
been demonstrated. Furthermore, since the animal develops circulatory failure 
despite restoration of the normal blood volume in the body, we felt that conditions 
might be comparable to the type of shock in which hemorrhage or loss of plasma 
volumes appear not to be initiating factors. Such correspondence remains to 
be demonstrated. 

For the present, our results are deemed valuable because 1, they permit some 
estimate of the nature of the irretrievable damage which follows loss of large 
fractions of blood or plasma, and 2, they shed light on the problem of why trans- 
fusions may prove of only temporary benefit in advanced stages of shock initiated 
by decrease in circulating volume. Careful postmortems of dogs presented in 
this and previous commxmications indicate that some pooling of blood and transu- 
dation occurs, but this is limited largely to the intestinal mucosa and even here 
varies a great deal in intensity. It is conceivable that in dogs in which engorge- 
ment, edema, and transudation extend far down the jejunum and ileum, sufficient 
fluid might be lost from the circulation to reduce venous return. This was ap- 
parently the case in the group of dogs charted in figure 1-A, in which effective 
venous pressures were rather low during hemorrhagic shock following trans- 
fusion and after death, for a review of protocols shows that the gut changes 
were marked 3+ or 4+. 

However, in many experiments the mucosal changes were rather ndild and 
limited definitely to the duodenum (1+ or 2+). Since the spleen always re- 
mained firmly contracted and the hematocrit readings never exceeded controls 
very much, it becomes difficult to visualize how, in these cases, enough fluid could 
have been abstracted from or sequestered in the vascular system to decrease 
circulating volume to the point that led to circulatory failure and death. Our 
researches on hemorrhagic shock strongly suggest that in these cases persistent 
low pressure damages the myocardium more than peripheral vessels and that 
iihis is the major factor in the failure of blood transfusions in such advanced stages 
of shock. The possibility has also not been ruled out that such myocardial 
depression remains a hidden factor in those cases in which reduced effective 
venous pressures obtain. Our reasons for such a belief are as follows: 

I . H. C. Wiggers and Middleton (4) found that cardiac output/min. is rarely 
restored fully after transfusion (average 85 per cent) and that it quickly decreases 
after transfusion has been completed. Unfortunately, the method employed in 
these determinations prevented simultaneous studies of effective venous pres- 
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sures. B, The results of very similar experiments, considered individually or 
as means, which are presented in this communication show that effective right 
atrial pressures are somewhat above control values after reinfusion. The con- 
clusion seems obvious from these complementary investigations that the myo- 
cardium is unable to respond with equal stroke volumes to identical or slightly 
raised filling pressures immediately after transfusion. S. While the investi- 
gations of H. C. Wiggers and Middleton (4) have shown that a progressive 
reduction of cardiac output accompanies the circulatory failure follo^ving trans- 
fusion, results reported in this paper reveal that in the majority of experiments 
this is not accompanied by significant reduction in central venous pressures, and 
that the hydrostatic rise of venous pressure following cardiac standstill is essenti- 
ally normal during such circulatory failure. This is difficult to interpret other- 
wise than that perhaps a reduced, but still adequate, volume of blood remains 
m circulation and that peripheral mechanisms permit an adequate return to 
the heart under hydrostatic forces. 


SUMMARY 

If reduction in circulating volume and in venous return, due either to exemia 
or to failure of a venopressor mechanism, are dominant factors in the circulatory 
failure which follows substantial infusions of adequate solutions, it maybe antic- 
ipated that effective central venous pressures are reduced, as they are after 
large hemorrhages. We found this true in only 18 out of 48 dogs submitted 
to our standardized technique for production of hemorrhagic shock. 

The additional observations that effective venous pressures immediately after 
death from hemorrhagic shock are essentially within normal ranges, and that 
the static circulatory equilibrium produced by prolonged vagal inhibition of 
the heart is also essentially normal, fail to support the views that capillary transu- 
dation, pooling of blood in the vascular system, or failure of any venopressor 
mechanism represent the essential irreversibility factor in the majority of our 
animals. 

The results strongly suggest that failure of transfusions in shock are not neces- 
sarily due to unsuitability of solutions used nor chiefly to loss of plasma 
or solutions through damaged capillaries or failure of a venopressor force, but, 
frequently at least, are attributable to myocardial depression, i.e., to a reduced 
reaction to equivalent venous filling pressures. 
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The posable explanations for the several fold increase in susceptibility to 
histamine in the adrenalectomized animal, such as decreased histaminase activity 
or general increased capillary permeability, have not been entirely salasfactory 
(1, 2). In 1937 Zwemer and Truszkowski (3) suggested that the enhanced 
senativity might be related to the elevated blood potassium following histamine 
injection, as noted by Kuschinsky (4) and Thaler (5) . Although the theory that 
various types of shock and adrenal insufficiency are the result of the toxic effects 
of potassium is not entirely supported by subsequent evidence (c/. 6), the situ- 
ation with regard to histamine intoxication has not been specifically investigated 
so far as we are aware. Perla was able to raise the resistance to histamine in 
normal rats by the administration of saline solution (7), and Perla and Sandburg 
(8) decreased it by producing an electrolyte disturbance analogous to that fol- 
lowing adrenalectomy by intraperitoneal injection of isotonic glucose solution. 
In some prehminary experiments in a small series of rats we attempted to test 
Zwemer and Truszkowski's proposal concerning the effect of devated blood K 
on the reaction to histamine. Since one cannot rely upon single or repeated 
intraperitoneal injections of the maximum tolerated amounts of potassium to 
effect a sustained rise in K level, the procedure seemed inconclusive, but large 
amounts of potasdum given prior to the injection of histamine, 50 mgm./100 
grams body wdght, did not modify its toxicity. Further observations, there- 
fore, on the toxicity of potassium in relation to adrenocortical function, and the 
blood K after histamine, were made and are reported below. 

Rats with autoplastic adrenocortical transplants were eminently suitable for 
this work because their response to potassium was like that of the normal rat 
although they were more susceptible to it, yet their susceptibility and reaction 
to histamine were more like those of the adrenalectomized animal. Also, the 
rat with transplants has sufficient adrenocortical protection to maintain growth 
and circulatory standards under optimum basal conditions, but not under stress, 
so its initial condition is not as equivocal as that in the totally adrenalectomized 
rat. Moreover, the technical difficulties in blood studies promised to be less. 

Methods. The survival experiments after intraperitoneal injection of 10 per 
cent potassium chloride or acetate were done on young adult males and females 
of an inbred strain of albino rats. Adrenalectomized rats at least two weeks 
after operation and rats with autoplastic dorsal intramuscular transplants of 

1 This investigation has been made with the assistance of a grant from the Committee 
on Therapeutic Research, Council on Pharmacy and Chemistry, American Medical Asso- 
ciation. 
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adrenal cortex, two to three months after operation were used. Serum K was 
determined on intact male rats and male rats with transplants of the Long-Evans 
strain, uang a colorimetric modification by one of us (M. A. D.) of the Consolamo 
and Talbott chlor-platinate method for small samples of serum (9). Blood was 
obtained under urethane or amytal anesthesia from the vena cava or aorta of 
untreated or histamine (ergamine acid phosphate, Burroughs, Wellcome & Co.) 
treated rats. Whole blood samples from the tail were analysed for total K; edl 
volume and hemoglobin were determined by the photocolorimetric method of 
Shohl, Blackfan and Diamond (10). 

Results. Toxicity of iniraperitoneal injections of K. The maximum tol- 
erated amount of K was approximately 25 mgm. (as K-l-)/100 grams body wdght 
for the normal rat (table 1). This agrees with the finding s of Silvette, Britton 
and Kline (11). This dosage killed 69.6 per cent of the rats with transplants but 
only 6.5 per cent of the normal rats. One-half or less of this amount was fatal 
to all adrenalectomized rats. Our figures for normal and adrenalectomized ani- 
mals compare favorably with those given by Rapoport and Guest (12). With 


TABLE 1 

Toxicity of intraperitoneal injections of K 


DOSAGE or 

KOKMAL KATS 

SATS WITH TRANSTLANTS 

ADBENAIECTOMIZED BATS 

Number 

injected 

Died 

% 

Number 
injected j 

Died 

% 

Number 

injected 

Died 

% 

mgm.ll00 
grams body 
weight 










10-17 

27 

0 

0 

26 

0 


13 

13 

100 

25 1 

46 

3 

6.5 

23 

16 

69.6 




37 

31 

31 

100 








smaller dosages all the rats with transplants recovered fully without developing 
agns of secondary shock or the prospect of delayed death, in contrast to adrenal- 
ectomized rats. The blood sugar of both rats with transplants (6 cases deter- 
mined) and normal rats (3 cases) rose to 146-174 mgm./100 ml., indicaring 
sympathetic activity, without the mediation of adr^n in the former. In 
adrenalectomized rats (5 oases) the blood sugar fell to 69-80 mgm./lOO ml. 
during the first hour, and to 41-59 mgm. at death in the third hour. 

The symptoms of potassium poisoning in the adrenalectomized rats differed 
from those in rats with intact glands or transplants of adrenocortical tissue. 
The former gradually developed a shock-like condition with hypogjycemia. In 
the latter, after fatal amounts of K, acute asphyxia! convulsions and death with 
h3rperglycemia occurred in less than an hour, and mdst hemorrhagic lungs and 
extreme flaccidity of the heart were found at autopsy. 

K levels in unoperated male rats. In tail blood specimens the total K averaged 
246 mgm./10P ml. in 19 rats (table 4). Rapid and temporary rises to over 
300 mgm./lOO ml. were frequent. The serum K in venous blood averaged 
21.3 mgm./lOO ml. in 10 cases (table 3) and in aortic blood 21.1 mgm./100 ml. 
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in 6 cases. Single or repeated bleedings totaling more than 6 per cent of the 
blood volume (3 to 4 ml.) produced a varying degree of unavoidable hemolysis, 
which in the normal rat did not exceed an amount accounting for more than 2 to 
3 mgm. of K/lOO ml., i.e., a rise of 10 to 12 per cent (table 2). In addition 
there seemed to be a small increment independent of hemolysis, possibly the 
result of sympathetic stimulation. 

After intraperitoneal injections of 5 and of 10 mgm. histamine per 100 grams 
body weight in the normal rat total blood K had risen an average of 7 and 11 per 
cent of the initial values by the end of the first haK hour (table 4). These 
increments are of questionable significance since a normal variation of 10 per 
cent may be met in determinations on the small blood samples employed (0.05 
and 0.1 ml.). Serum K also rose (table 3), but again the rises were probably not 
significant since in order to estabfish conditions comparable with those where 
hemoconcentration made the maximal possible bleeding only just sufficient for a 
serum K determination' '(e.g., in rats with transplants after histamine) the rats 
were bled as completely as posable in all cases and the factor of hemolysis must 

TABLE 2 

Effect of bleeding on venous serum K of untreated normal rats and rats with transplants 

AMOUNT OF BLEEDING 


First bleeding ca 4 ml 

Second bleeding ca 4 ml 

Single maximal bleeding ca 7 ml 

* Standard deviation, 

have operated to raise the serum K somewhat. Nevertheless the consistency 
of the findings on the high side of the normal range makes us feel that a very 
small rise in K actually occurred after histamine, although a more extensive 
seri^ and use of larger aniounts of histamine would be required to verify it. 
In any case our data do not vitiate previous findings in species other than the rat. 

At the end of one hour the total K and serum K had returned to approjdmately 
the initial levels. Changes in ceU volume and hemoglobin were also followed 
(see table 4). 

K levels in rats with adrenocortical transplants. In the rats with transplants 
hemolysed sera occurred more frequently than in the normals, and in the hista- 
mine treated cases more than half of the samples had to be discarded for this 
reason. Clarke and Cleghom (13) suggested that in rats intravascular hemolysis 
occurs in shock. This may have been true of our severe eases, but ordinarily 
the difficulty in avoiding hemolysis was correlated with sluggishness of flow, 
paralleling the degree of hemoconcentration. Also, the fact th|t 0.02 ml. of 
unhemolysed blood could be obtained from the tail during stasis shows that it 
is not a usual event in vivo. Moreover, if intravascular hemolysis had occurred 


NORMAL BATS 

RATS WITH TRANSFLANTS 

Number of 
rats 

Serum K 

Number of 
rats 

Serum K 


mgm.llOO ml. 


mgm./lOO ml. 

10 

21.3 ±1.3* 

10 

25,6 ±2.7 

5 

23.8 ±1.4 

8 

30.6 ±3.5 

10 

23.8 ±2.2 

11 

27.8 ±2.4 
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the increase in cell volume would have been consistently less than the rise in Hb 
determined on the same sample of blood. 

The serum K in the first 4 ml. specimens of vena caval blood averaged 25.6 
mgm./100 ml. (table 2). Allowing for traces of hemolysis and individual vari- 
ation which is greater than in the unoperated rat it is concluded that the K level 
in the rat with transplants may run about 10 per cent higher than in the normal 
rat. The serum K of single 6 to 7 ml. specimens was 27.8 mgm./100 ml. and 
that of second 3 to 4 ml. samples was 30.6. Although the amount of hemolysis 
was slightly greater than in the normal rat it does not accoimt for all of the 
increase. The total blood K from the peripheral circulation, as compared with 
serum K, showed less fluctuation and averaged 227 mgm./lOO ml. (table 4). 

After 5 mgm. of histamine/100 grams body weight the symptoms of shock in 
the rats with transplants were more pronounced than in the normal rat, but by 

TABLE 3 

Effect of intraperitoneal injection of histamine on venous serum K of normal rats and rats with 

transplants 


HISTAMINE 

MINUTES 

AFTER 

INJECTION 

NORMAL RATS 

RATS WITH TRANSPLANTS 

Number of 
rats 

Serum K 

Number of 
rats 

Serum K 

msm.llOO gram body weight 


.. 

mgm.jlCC ml. 


mgmJlOO ml. 

5 

30 

3 

24.7 ±0.2 

3 

35.3 ±4,2 

. 

60 

5 

22.2 ±1.4 

3 

34.5 ±4.2 

10 

30 

6 

24.5 ±1.7 

6 

34.2 ±5.8 


60 

8 

22.9 ±3.5 

2* 

38.5 ±6.5 





3t 

56.1 ±3.8 


* Recovering, 
t Dying. 


the end of an hour some improvement in their condition could be detected. In 
half an hour the total K had risen 38.6 per cent and was as high or still higher 
at the end of an hour (table 4). At this time the serum K was also elevated, 
around 35 per cent (table 3). Because of the sluggish circulation it was diflSicult 
to obtain sufiSicient blood for serum K determinations and the values obtained 
were all affected to some extent by hemoiysis. In one case, however, which 
recQvered better than the others, unhemolysed serum was obtained and the K 
level was 30.2 mgm./100 ml., which agrees with the figure for the group after 
application of the calculated correction for hemolysis (4-5 mgm./100 ml.). Cell 
volume and hemoglobin increased in the first half hour and were at about the 
same levels at the end of an hour (table 4). 

Within an hour after 10 mgm. of histamine/100 grams body weight about two- 
thirds of the group were dead or dying, so reliable samples of venous blood were 
obtainable in only two cases which were recovering at the end of an hour. In 
one with no hemolysis serum K was 32 mgm./lOO ml, and in the other with 
moderate hemolysis 46 mgm./100 ml. (table 3). In three other rats with trans- 
plants in profound shock the K after correction for the hemolysis found in the 
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sera was 51-60 mgm./100 ml. The rise m total K was accompanied by marked 
hemoconcentration but not enough to account for all of the K increase (table 4). 
In an hour the total K, cell volume, and Hb all showed a further increase. 

Discussion. Small amounts of histamine tend to increase the serum potas- 
sium and the total potassium very slightly if at all in the normal rat, while in 
the rat with transplants these same amounts cause a rise which is four or five 
times as great and lasts twice as long. The elevation in total K roughly follows 
the changes in hemoconcentration, especially in the latter. An hour after a 
5 mgm. dose of histamine per 100 grams body weight the percentage increases of 
the total K, Hb and cell volume in the normal rat showed approximately a 1 : 1 : 1 

TABLE 4 

Changes in the peripheral blood of normal rats and rats with transplants after intraperitoneal 

injection of histamine 


JON. 

AFTER 

INJECTION 

TOTAL K 

rpjy. VOLUME 

HEMOGLOBIN 

Number 
of rats 

Mgm.^/100 

Per cent 
increase 

Number 
of rats 

M1./100 
ml. blood 

Per cent 
increase 

Number 
of rats 

G./lOO 
ml. blood 

Per cent 
increase 


Normal rats 


mgmJlOO g 











body weight 











0 

0 

19 

246 


19 

44.4 


22 

13.8 


5 

30 

8 

264 

7 

8 

49.9 

13.4 

7 

15.1 

9.6 

5 

60 

10 

252 

2.2 

8 

45.1 

2.2 

8 

14.1 

2.4 

10 

30 

3 

274 

11.1 

4 

54.6 

23.7 

6 

16.2 

17.5 

10 

60 

5 

257 

4.5 

5 

50.4 

1 13.9 

4 

15,8 

14.5 


Rats with transplants 


0 

0 

19 

227 


22 

42.5 


19 

13.9 


5 

30 

5 

315 

38.6 

7 

56.6 

33.1 

7 

17.7 

26.7 

5 

60 

9 

319 

40.8 

9 

55.3 

30.1 

6 

18.0 

28.9 

10 j 

30 


363 

59.7 

8 

60.5 

42.4 

8 

19.2 

37.1 

10 

60 

2 

370 

63,0 

3 

66.3 

56.2 

3 

21.8 

56.2 


rdationtiup and were not significantly above the resting values, whereas in 
<%rtain cases among the rats with transplants the potassium remained hi^ as 
the ceU volume and/or the Hb began to decline. This together with the per- 
astent elevaticm of serum K indicates that in the rat with adrenocortical tissue 
only, after histamine blood potastium is maintained at a high level by transfer 
of exferavascular potassium as well as by hemoconcentration. 

The actual levels of serum potassium found in rats with adrenocortical trans- 
plants after histamine injection are not considered to be toxic per se by most 
authorities (14, 15), but as Clarke and Geghom (13) point out, such concen- 
trations of potaeaum along with hemoconcentration may have an entirely differ- 
ent effect on the organism than a simple rise without other complications. Since 
the initial serum potasaum tends to be higher than in the untreated normal rat, 
the rise after histamine greater and more enduring, and the susceptibility to 
Dotasaum increased, it would appear that potassium should be considered as an 
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important factor in histamine intoxication. Death from potassium poisoning 
differs from histamine shock in the rat with transplants, however, in that in the 
former acute cardiac failure predominates over peripheral circulatory failure. It 
is possible that in histamine shock enhanced levels of potassium develop so 
slowly, as compared with the intraperitoneal administration of the cation, that 
they merely aggravate the circulatory disturbances already instituted. The 
enhanced toxicity of histamine in the rat with transplants would seem, therefore, 
to be fundamentally correlated with a disability in the homeostasis of body fluids, 
as we have noted before in connection with massive glucose injections (16) . The 
resulting elevation of potassium would be only a contributory factor, especially 
effective, however, since these animals are more susceptible to K. Thus the 
intermediacy of the rat with transplants between the normal and the totally 
adrenalectomized animal vith regard to functional efficiency of adrenocortex is 
further emphasized. 

SUMMAEY 

1. About 70 per cent of rats with adrenocortical transplants were killed by 
doses of potassium salts (25 mgm. K'^/100 grams body weight) which were 
well tolerated by normal rats, but were at least twice the size of doses invariably 
fatal for adrenalectomized rats. 

2. After intraperitoneal injections of histamine (5 or 10 mgm./lOO grams body 
weight) the total blood K and serum K of normal rats may have risen slightly 
although the observed changes were mthin the range of normal and experimental 
variation. In the rats with transplants there were increases in serum K and 
in total K which were greater than could be accounted for by the accompanying 
hemoconcentration. 

3. It is suggested that although the increased susceptibility of the rat with 
transplants to histamine is fundamentally related to a disturbance in handling 
body fluids because of some degree of functional inefficiency of the grafted cortical 
tissue, the elevated potassium may be a contributory factor which aggravates the 
circulatory disturbances, 
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Patients suffering from adrenal insufficiency appear to be more susceptible to 
hot weather than are normal individuals. The importance of the adrenal in 
susceptibility to heat is shown also under certain conditions in animals that 
have been deprived of these glands. In a short paper some years ago it was 
shown that adrenal cortical extract furnished a considerable measure of pro- 
tection for adrenalectomized rats exposed to heat (6). In the present investi- 
gation an attempt has been made to compare the various treatments, now in 
vogue for adrenal insuflSciency, in their ability to enable the adrenalectomized 
rat to withstand exposure to heat. 

Methods. The animals were maintained in an atmosphere of approximately 
uniform temperature by means of a large, insulated water bath, the temperature 
of which was thermostatically controlled. Each rat was placed in a one liter 
beaker containing a 1 kgm. weight resting on absorbent cotton. A screen 
of half inch mesh was used as a cover. Twelve beakers, submerged for two- 
thirds of their height in water, were supported by a shelf located in the upper 
level of the bath. Circulation of the water was maintained by a motor driven 
screw. The bath had a partial cover (5 in. above the top of the beakers) which 
prevented major aiy currents from entering but allowed adequate ventilation. 
The relative humidity within the beakers containing the rats was from 90 to 
100 per cent during an experiment. 

Colonic temperatures were taken immediately before, at hourly intervals 
during and one hour after the end of the test. A clinical thermometer was in- 
serted into and beyond the evacuated rectum for the same distance each time. 
Each rat was out of the bath for about three minutes every hour for this purpose. 
Body wdghts were taken at the time of adrenalectomy and just before and just 
after heat exposure. 

Bilateral adrenalectomy, under ether anesthesia, was performed at one oper- 
ation through a single skin incision and through lumbar approaches. Following 
the operation the animals were kept at a temperature of 21 to 24°C. Purina 
' dog chow and water were available at all times. 

Something must be said about the size or age of the animal which is necessary 
for this study. Bats weighing 95 to 160 grams appeared to show a greater 
resistance to heat than did larger, older animal^ This in itself would be no 
objection, but it seemed impossible to find a temperature which would permit 
survival of most of the normal animals and still cause most of the untreated 
adrenalectomized anim als to succumb. On the other hand, most normal rats 
ranging from 200 to 340 grams in weight survived at 38.7°C. (101.7°F.) while 
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most of the adrenalectomized rats of this size died. Therefore, this temperature 
and range in body weight were used throughout these experiments. Tests 
usually began at 9 a.m. and continued for a period of four hours. A few normal 
rats were always exposed with the adrenalectomized animals. Rats were tested 
three or four days after adrenalectomy since the results were less uniform on the 
first and second days. 

A total of 463 rats, 438 males and 15 females, were used for the final study. 
Seventy were used as controls, being exposed to the same conditions but not 
operated. Of the adrenalectomized animals, 76 were untreated; 75 were given 
one per cent sodium chloride solution to drink ad Kb-, 101 were treated with 
desoxycorticosterone acetate (DCA)i ; 35 were given adrenal extract.^ Ninety- 
eight of these, both normal and operated animals, were used for the study of 
tissue water. 

The DCA in oil (1 cc. = 5 mgm.) was given to the adrenalectomized animals 
subcutaneously in one milligram doses beginning- the day of operation. At first, 
1 mgm. doses were given daily up to the day of exposure. Thus a total of 3 
and 4 mgm. were given to the three and four-day animals respectively. It was 
found that this dosage might be cut to 2 and 3 mgm. Under this regimen 1 mgm. 
was given on the day of operation, and for one or two days following, but none 
the day befofe or on the day of the test. 

Those adrenalectomized rats receiving adrenal extract were injected sub- 
cutaneously with two 0.5 cc. doses daily until the morning of the experiment. 
Just before exposure to heat each animal was injected with 0.5 cc. subcutaneously 
and 0.3 cc. intraperitoneally. In a few animals only 0.4 cc. and 0.3 cc. were 
given for the last two doses. 

The animals used for tissue studies were selected at random from the different 
groups. After being anesthetized -with nembutal, a piece of skin approximately 
one inch square was removed from a previously shaved and dry abdomen. 
Blood (0.6 cc.) was taken from the heart. A 0.2 to 0.4 gram sample of gastroc- 
nemius muscle was removed and the right cerebral hemisphere, freed from 
meninges and large blood vessels, was saved. 

The four different tissues were weighed immediately after removal and then 
dried in an oven at 102°C. for three days. After being placed in a desiccator for 
a fourth day they were weighed and checked to constant weight. 

Results. Upon exposure to heat all animals were very active but soon 
stretched themselves out as much as space allowed. The control rats and 
adrenalectomized rats treated with adrenal extract or with DCA remained rest- 
less and excitable. The untreated and sodium chloride-treated adrenalectomized 
animala became quiet and usually unresponsive. However in the late stage they 
were occasionally thrown into convulsions by handling. Respiration became 
rapid and shallow. Excessive salivation occurred in all of the animals, and many 
of them frantically washed their faces. In the case of the normals this salivation 

* We are indebted to Dr. R. D. Shaner of Roche-Organon Inc., Nutley, N. J., for desoxy- 
cortieosterone ^acetate and to Dr. G. F. Cartland of the Upjohn Company, Kalamazoo, 
Mich., for adrenal extract. 
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was copious, so that by the end of four hours they appeared as though they had 
been dipped in water. Exophthalmia was a constant finding until near death. 
Spasmodic blinking of the eyes was observed in some as they reached their 
temperature peaks. A frank respiratory distress with violent gasping was also 
observed. This was most evident in the untreated animals. 

Cyanosis of ears, testes and, particularly, the extremities was observed in all 
of the animals when they were removed from the heat. At autopsy, in all of the 
animals that died during exposure and in those used for tissue work, the internal 
organs showed marked vascular engorgement. 

Survival, The survival of adrenalectomized rats treated by various methods 
is shown in table 1. Ninety-three per cent of the normal rats survived while only 
14 to 17 per cent of the untreated adrenalectomized rats survived. Sodium 
chloride afforded some protection since 53 to 27 per cent of the adrenalectomized 
rats that were permitted to drink 1 per cent NaCl survived. The former were 

TABLE 1 


Survival of rats exposed to 38.7°C. for 4 hours 


CONDITION 

NUMBER OF 
ANIMALS 

SURVIVAL IN 
PERCENTAGE 

Normal 

70 

93 

3 days after adrenalectomy (no treatment) 

41 

17 

1% NaCl-treated 

36 

53 

DCA-treated 

64 

78 

Adrenal extract -treated 

36 

89 

4 days after adrenalectomy (no treatment) 

35 

14 

1% NaCl-treated . 

37 

27 

DCA-treated 

37 

89 


tested three days after adrenalectomy while the latter were exposed four days 
after adrenalectomy. DCA treatment was nearly adequate since 78 and 89 per 
cent survived. About the same survival was obtained by treatment with adrenal 
extract, namely, 89 per cent. 

The reaction of the animals as indicated by their body temperatures is shown 
in table 2 wherein the temperatures of the rats that survived have been averaged. 
All but the DCA-treated adrenalectomized rats had a lower temperature at the 
start than did the normal rats. In all animals the greatest rise occurred during 
the first hour, and then increased more slowly to a peak which was reached in 
the third hour in the normal, DCA-treated adrenalectomized and extract-treated 
adrenalectomized rats and in the fourth hour for the others. One hour after 
removal from the bath the DCA-treated rats showed the greatest fall in temper- 
ature but all showed considerable fall. The rise in temperature was greatest in 
the normal, extract-treated, and DCA-treated adrenalectomized rats. 

Normal rats, DCA-treated or extract-treated adrenalectomized rats that died 
usually reached a temperature of 40.5°C. or more. In a few cases a temperature 
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of 42‘'C. was recorded in a normal and the animal survived. Survival with a 
temperature of over 41''C. was not seen in the adrenalectomized animals. 

The loss in body weight of all rats that survived was as follows: normal 7.8 per 
cent; untreated adrenalectomized, 5.2 to 6 per cent; 1 per cent NaCl-treated 
adrenalectomized, 8 to 8.8 per cent; DCA-treated adrenalectomized, 5.6 to 
6.7 per cent ; and extract-treated adrenalectomized, 5.9 per cent. It will be noted 
that normal and NaCl-treated adrenalectomized rats lost the most weight. 

The water content of brain, blood, muscle and skin was determined in normal 
rats and adrenalectomized rats of the various groups with or without exposure 
to heat. Of the animals exposed to heat only those that survived were used. 
Since there was no significant difference between the three and four-day adrenal- 
ectomized animals, the two were combined. The results were based on eight to 
ten animals in each case, and are shown in table 3. 

TABLE 2 


Average temperatures of rats exposed to S8.7°C. for 4 hours 


CONDITION 

! 

NUMBER 
OF ANI- 


HOURS OF EXPOSURE 


1 HOUR 

RISE 

MALS 

0 i 

1 

2 

3 

4 

AFTER 

Controls 

65 

37.1°C. 

38.8°C, 

39.4‘’C. 

39.9°C. 

39.6"C. 

36. 6*^0. 1 

2.8‘’C. 

Adrenalecto- 

mized 

No treat- 

ment . . 

12 

36.8°C. 

38.9°C. 

39.0°C. 

39.0“C. 

39.2°C. 

36.3°C. 

2.4°C. 

1% NaCl- 

treated . . . 

29 

36.8°C. 

38.5°C. 

38.8°C. 

39. rc. 

39.3°C. 

36.7"C, 

2.5"C. 

DCA- 
treated . 

83 

37. rc. 

38.7°C. 

Sg-O'C. 

39.5^C. 

39.5°C. 

36.1°C. 

2.4°C. 

Adrenal ex- 
tract- 
treated. . 

S 26 

1 

36.9°C. 

1 

39.0°C. 

39.2°C. 

39.6°C. 

39.5°C. 

i 

2.7"C. 


There were no significant changes in water content of the brain in any of the 
animals. The untreated and sodium chloride-treated animals shelved the great- 
est blood concentration. There was a loss of water from the skin of all of the 
animals, except those treated with DCA. The greatest loss occurred, however, 
in the normals, Water loss from muscle was either insignificant or small in all 
animals. 

Discussion. The temperature to which the rats were exposed, 38.7± 0.1°, 
is only 1.6°0. above the average colonic temperature of the normal animals. A 
large proportion of the animals needed their adrenals to withstand this temper- 
ature for four hours. What is the function of the adrenals in this stress? 

Let us review briefly the effects of exposure to heat and the differences in 
reaction between protected and unprotected animals. Salivation was much more 
copious in normal than in unprotected adrenalectomized rats. However, this 
could have had little effect on loss of heat in the humid atmosphere. The normal 
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or protected adrenalectomized rats were active and restless while the other rats 
became quiet and unresponsive. The colonic temperature of unprotected 
adrenalectomized rats did not rise as high as did that of the normal or the pro- 
tected (by extract or DCA) adrenalectomized rats. This could be accounted for 
in part by the decreased acthdty. The muscular activity due to restlessness 
would facilitate the return of blood to the heart in the normal or protected 
adrenalectomized animals. 

We made no blood pressure determinations but if rats react as Brenning (3) 
has shown for rabbits, the blood pressure of normal rats should eventually rise 
upon exposure to heat while that of adrenalectomized rats should not. At the 
beginning of the exposure unprotected adrenalectomized rats would have a sub- 


TABLE 3 

Percentage of water in tissue 


TISSUE 

CONTROLS 

ADREN.4LECTOMIZED 

No treatment 

1% NaCl 

DCA 

Blood 





Before 

81.62 

81.42 

81.66 

81.33 

After 

80.78 

77.73 

77.58 

80.31 

% loss 

1.03 

1 4.53 

4.99 

1.25 

Brain I 





Before 

78.79 

78.69 

78.71 

78.79 

After I 

78.30 

78.96 

78.73 

78.52 

Muscle 




Before 

76.15 

75.73 

76.67 

75.62 

After 

74.80 

75.49 

75.09 

75.17 

%loss i 

1 

1.77 


2.06 


Skin 





Before 

63.69 

62.06 

64.93 

62.77 

After 

59.15 

60.65 

62.69 

62.89 

% loss 

7.12 

2.27 

3.45 

None 


normal blood pressure (4). This could be due to both cardiac (5) and vascular 
failure (1). In our experiments the unprotected adrenalectomized fl.TiiTna.1a 
showed the greatest loss of water from the blood. This would indicate a reduc- 
tion in blood volume and thus to that extent impair the circulation. The loss of 
water from the blood could be explained by a lessened ability to shift water from 
the tissues. Changes in the water content of the skin would indicate this, since 
the water loss there was much greater in normal rats than in the unprotected 
animals. In the DCA-treated adrenalectomized animals there was no loss of 
water from the blood and none from the skin. 

The impaired circulation of the unprotected animal might fail to meet the 
increased demands produced by heat. The rapid shallow respiration might tend 



ADRENALECTOMY AND HIGH TEMPERATURE 


113 


to lower the oxygen tension in the alveolar air. Moreover, Banus (2) has shown 
that the oxygen capacity of the blood is reduced when the body temperature is 
maintained at a high level for several hours. Under these conditions when 
increased circulation is needed heat causes the vessels to lose tonus and stasis 
may develop (7). In addition the high body temperature increases the oxygen 
requirement of the tissues, especially in the central nervous system. These 
changes occur in all of the rats, normals as well as adrenaleetomized, but the 
normal and protected adrenalectomized animals are better prepared to com- 
pensate by circulatory adjustment. 

Hartman, Lockwood and Lockie (6), several years ago, suggested that the 
increased suceptibility of adrenalectomized animals to heat was due to a failure 
of water mobilization. Their animals were exposed in a drying oven which would 
produce a very dry atmosphere and thus permit heat loss with the evaporating 
saliva from the coat of the rats. In the present study the high humidity of the 
atmosphere practically prevented such evaporation. 

Adrenal extract and DCA protected adrenalectomized rats from heat equally 
well. The presence of DCA in the extract cannot account for this, since it occurs 
there only as a trace or not at all. Therefore, the substance which most nearly 
resembles it in physiological properties, viz., the sodium factor, may be re- 
sponsible. 

SUM3VL\RY 

1. Both normal and adrenalectomized rats, mostly male, weighing from 200 
to 340 grams were exposed to a temperature of 38.7°C. for four hours in an 
atmosphere of high humidity. 

2. Ninety-three per cent of the normal rats survived while only 14 to 17 per 
cent of the untreated adrenalectomized rats survived. Sodium chloride afforded 
some protection since 27 and 53 per cent of the adrenalectomized rats given 1 per 
cent sodium chloride to drink, survived. Treatment of adrenalectomized rats 
with desoxycorticosterone acetate was nearly adequate since 78 and 89 per cent 
survived. About the same survival was obtained with adrenal extract, namely, 
89 per cent. 

3. The normal or protected adrenalectomized rats were active and restless 
while the other rats became quiet and unresponsive. 

4. The body temperature peak was reached during the third hour in the normal, 
DCA-treated adrenalectomized and extract-treated adrenalectomized animals 
and in the fourth hour in the others. The rise in temperature was greatest in 
the normal, DCA-treated adrenalectomized and extract-treated adrenalecto- 
mized rats. 

5. Water content of brain, blood, muscle and skin was determined vrith and 
without exposure to heat. The untreated and sodium chloride-treated adrenal- 
ectomized rats showed the greatest blood concentration. There was a loss of 
water from the skin in all animals except the DCA-treated adrenalectomized 
rats, the greatest loss being in the normal animals. Salivation was more 
copious in the normal than in the unprotected adrenalectomized rats. 
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6, Since DCA protects as well as adrenal extract and acts most like sodium 
factor in its physiological properties it may be the sodium factor which is re- 
sponsible for the protection afforded by adrenal extract. 
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Studies have been undertaken in an attempt to answer the question as to 
whether electrical energy pro\ddes the energy for the production of osmotic work 
by living cells. The stomach was used as experimental material Previously 
published results (3) demonstrated that there w^as no maintained depolarization 
of the potential in the resting stomach when the potential was shunted through a 
low external resistance. While the amount of electrical energy obtained by this 
method is not as large as that necessary for the production of the HCI of the 
gastric secretion, the fact that there is no maintained (^polarization under these 
conditions indicates that the stomach is capable of producing greater amounts of 
electrical energy, perhaps a sufficient amount for the production of the HCI of 
gastric secretion. Other studies (4, 5) indicated that under certain experimental 
conditions there w^as a relationship (although a complex one) between the po- 
tential difference across the stomach wall and the rate of secretion of HCI. It 
was shown that a decrease in the potential difference across the secreting stomach 
following the application of relatively concentrated solutions of HCI was asso- 
ciated with a concomitant decrease in the secreting rate. 

A further means of testing the above hypothesis and one that might be ex- 
pected to yield information of a more crucial nature is a study of the effect of 
applied electric current on the production of HCI A review of the literature 
reveals that seyeral investigators have been interested in this problem. Their 
results, however, are conflicting and in the writer’s opinion inconclusive because 
of inadequately controlled experimental conditions. In the most recent paper 
available to the writer Schawerin (7) concludes that the application of direct 
current has no effect on secretion. This paper should be consulted for a review 
of the earlier work. The primary purpose of the present work is a further 
investigation of the effect of apphed electric current on gastric secretion. The 
potential difference across the stomach wall "was also measured and certain 
correlations between the rate of secretion of HCI and the potential are presented. 

Methods. Dogs fasted for approximately 24 hours were anesthetized with 
pernoston® (80 mgm. per kgm., subcutaneously). A portion of the stomach 
along the greater curvature was placed in the chamber illustrated in figure 1. 
This chamber is a modification of the one described before (5). For a description 
of the technique for placing the stomach in the chamber this paper should be 
consulted. 

iThis investigation was aided by a grant from the Joseph E. Seagram and Sons Company. 

2 The Riedel -deHaen Company, New York, kindly supplied the pernoston used in these 
experiments. 
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The electrodes Ez and were connected in series with lead storage batteries, a 
variable resistance, a milliaimneter and the appropriate switches. The amount 
of current applied to the stomach was controlled by the variable resistance. 
Leads from electrodes Ei and E 2 were connected to a potentiometer for measure- 
ment of the potential difference across the stomach. Electrode Ei was connected 
with the fluid in the chamber (F) by a glass tube containing saturated KCl. 
Saturated KCl agar extended from electrode E 2 to the saturated KCl agar in 
the large Incite tube. Control experiments revealed that currents of the magni- 
tudes used in the following experiments did not result in a significant change in 
the potential difference between electrodes Ei and E 2 (change in potential 
difference less than one millivolt). 



Fig. 1. Schematic drawing of a sagittal section of the apparatus with stomach in place. 
R refers to a Incite ring. This ring has an oblique cut in it so that the blood vessels (not 
shown) supplying the portion of the stomach in the chambers can be slipped inside it. RA 
refers to Ringer agar or saline agar; KA to saturp,ted KCl agar; ZA to saturated zinc 
acetate agar; K to saturated KCl; F to the fluid in the chamber. Electrodes Ei and E^ 
are connected to a potentiometer for measurement of the potential difference across the 
stomach. Electrodes E 3 and Ei were used for sending current through the stomach. 

The secretory rate was measured in essentially the same manner as described 
before (5). Saline (0.9 per cent) was placed in the chamber and the chamber 
was drained and flushed out with more saline (enough to make a total sample of 
100 ml.) every ten minutes (via tubes Ti and T 2 ). Both the pH and the ti- 
tratable acidity (using phenolphthalein as an indicator) were determined on each 
sample. The pH was usually measured within two minutes after a sample was 
obtained. In this way it was possible to determine when the rate of secretion of 
HCl had reached a relatively constant level. The milligrams of HCl secreted 
per ten minutes were calculated from both the pH and titration data. In ex- 
periments in which the glass electrode was calibrated before and after each pH 
measurement (with appropriate mixtures of 0.9 per cent NaCl and 0.159 N HCl) 
there was in the large majority of cases an excellent agreement between the 
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milligrams of HOI determined by titration and from the pH (see fig. 2) . In some 
experiments in which this precaution was not taken there were greater discrep- 
ancies. It should be pointed out that in spite of these discrepancies calculations 
of the change in secretory rate from pH data and from titration data were in 
excellent agreement. It is obvious that in the absence of pH data an increase in 
the titratable acidity could not be considered proof of an increase in the secretion 
of HCl (the liberation of a buffered solution from the mucosa could result in an 
increase in the titratable acidity). The fact that changes in the secretory rate 
calculated from pH and titration data are in good agreement constitutes proof 
that in the following experiments the changes in the secretory rates are primarily 
the result of changes in the secretion of HCl. 



Fig. 2. Effect of applied electric current on potential and secretory rate. Solid dots 
represent potential in millivolts. Dash-dot lines represent milligrams of HCl secreted per 
ten minutes, as calculated from pH data; continuous lines represent milligrams of HCl as 
calculated from titration data. Jfi S represents ten minute periods during which 40 ma, 
were sent from serosa to mucosa; W M represents a ten minute period during which 20 ma. 
were sent from mucosa to serosa. 

Since, Avith the present technique, the fluid in the chamber is in contact with a 
relatively large surface of agar the following experiments were performed in an 
effort to determine how much of the HCl secreted by the stomach was neutralized 
or trapped by the agar. A cellophane membrane Avas used in place of the stom- 
ach and a knoAvn amoimt of HCl in 0.9 per cent saline (of slightly greater 
hydrogen ion concentration than that found in the chamber during secretion of 
HCl by the stomach) was introduced into the chamber and after a ten minute 
interval AA'as removed in the same manner as that described for the obtaining of a 
sample. After another ten minutes the fluid was again similarly removed from 
the chamber. It was found that practically all of the HCl was recovered in the 
sample obtained after the first ten minute interval and only a small amoimt 
(less than J mgm. of HCl) was present in the second sample. The effect of agar 
on the HCl in the chamber is, therefore, unimportant Avith respect to the results 
obtained in the following experiments. 
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The present technique has the distinct advantage over previous techniques 
(7) in that the current density is undoubtedly much more uniform. However, 
even with the present technique the current density is undoubtedly less at the 
periphery of that portion of the stomach in the chamber, since the serosal elec- 
trode did not make contact vith this peripheral portion (approximately 2 mm.). 
A second chamber practically identical with the mucosal chamber (except that it 
contained an opening in the top for the blood vessels) was substituted for the 
serosal electrode in a number of experiments. With this two-chamber technique 
fluid was in contact with the total area of that portion of the stomach in the 
chamber and the current density would be expected to be more nearly uniform 
than with the above described technique. The results with the two-chamber 
technique were essentially the same as with the other technique and are, there- 
fore, included in the following results without being separately designated. 

In the following experiments the magnitude of the current represents the total 
amount of current applied to the stomach in the chamber. The area of the 
stomach in the chamber is 21 sq. cm. and the current density per square centi- 
meter can be obtained by dividing by this figure. 

Results. Effect of current applied to the secreting stomach on the secretion of 
HCL Histamine (usually 0.03 to 0.1 mgm. of the diphosphate per kgm.) w^'as 
injected subcutaneously at ten minute intervals for the duration of an experiment. 
After the rate of secretion of HCl had reached a relatively constant level, electric 
current w^as applied. Experiments in which the duration of current flow was 
varied revealed that the passage of a current of appropriate magnitude jf or a ten 
minute period resulted in a readily detectable difference in the secretory rate. 
In all of the following experiments the current was applied for ten minute periods. 
The chamber was drained and flushed out with saline every ten minutes. The 
current was not turned on until the chamber had been drained and flushing with 
saline had been started (until the chamber had been refilled with saline) and was 
turned off immediately before the chamber was again drained for the next sample. 
The current did not, therefore, pass through the stomach for a full ten minute 
period, but for approximately twenty seconds less than ten minutes. In the 
following calculations on the effect of current no attempt was made to take into 
account the fact that the current was not turned on for a full ten minute period. 

a. Effect of sending current from serosa to mucosa. A total of twenty-one 
experiments were performed in which current strengths of from 7 to 80 mil- 
liamperes were employed. Figure 2 represents the results of a typical ex- 
periment in which 40 ma. were sent for two periods from the serosa to the mucosa 
(the positive pole of the battery was connected to the serosal electrode E^. It 
can be seen that there was a definite increase in the amount of HCl secreted 
during the period of current application. In figure 4A the increase in the se- 
cretion of HCl during the period of current application over that secreted during 
the preceding period is given for all of the experiments (solid dots). It can be 
seen that the increase in the sec'retion of HCl was roughly proportional to the 
magnitude of the current. For convenience of analysis (see below) the data 
were divided into two groups, the first group consisting of those experiments in 



ELECTRIC CURRENT ANB GASTRIC SECRETION AND POTENTIAL 


119 


which 25 ma. or less were applied, and the second group including those ex- 
periments in which 40 ma. or more were applied. The average AS (increase in 
mgm. of HCl per ma.) for all of the experiments was 0.039 (S.E. ±0,0036). The 
average AS for the first and second groups was 0.046 (S.E. ±0.0098) and 0.037 
(S.E. ±0.0031) respectively. 

Inspection of the data revealed that, although current was not applied until a 
relatively constant secretory rate had been attained, there was an over-all tend- 
ency for the secretory rate to increase with time. The above values were, 
therefore, corrected for this tendency (the rate of change of secretory rate was 
taken as the difference in the secretory rates of the two periods preceding the 
application of current). After correcting for this factor the average AS f6r all 
the experiments was 0.030 (S.E. ±0,0063) and for the first and second groups 
0.019 (S.E. ±0.022) and 0.036 (S.E. ±0.0043) respectively. 

The above calculations take into consideration only the period of current flow 
and the preceding periods and, therefore, the conclusion would not be warranted 
on the basis of these data alone that the application of current results in an 
increase in the production of HCl. The increase in secretory rate during the 
period of current flow could conceivably result from the emptying of reservoirs 
in the mucosa containing already formed gastric juice. If this were the case 
then there should be a compensatory decrease in the secretion of HCl during the 
period following current flow. Inspection of the data revealed (in experiments 
in which currents of 40 ma. or more were used) that when the periods following 
current flow were also taken into account there was a total increase in the se- 
cretion of HCl. Inspection of the data also revealed that the secretory rate had 
reached a relatively constant level by the end of the first period following the 
application of current (the secretory rate of the second period following current 
flow was essentially the same as that of following periods). The total increase 
in the secretion of HCl was, therefore, calculated from the secretory rates of the 
period of current flow, the period following current flow and the two periods 
preceding current flow. The following formula was used. 

ASt == ■“ {SiB — SzB + Sib) + — (2(Sib “ S2b) + Sib) 

where A St represents the total increase in HCl, Sc the secretory rate during the 
period of current flow, Sf the secretory rate during the period foUowing current 
flow, SiB and S 2 B the secretory rates of the first and second periods re- 
spectively preceding the period of current flow (all of these values are in mgm. 
HCl). The average A St for all the experiments was 0.034 (S.E. ±0.024) and 
for the first and second groups 0.001 (S.E. ±0.075) and 0.052 (S.E. ±0.009) 
respectively. 

It can be seen from these figures that the application of currents of 40 ma. or 
more results in not only an increase in the secretory rate during the period of 
current flow, but also in a total increase in the secretion of HCl as defined above. 
On the other hand the results of the application of 25 ma. or less are not con- 
clusive. It should be pointed out that most of these latter experiments were 
performed during periods (early in a series of experiments on a given dog) in 
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which there was a relatively greater tendency for the secretory rate to change 
Avith time. The large standard errors in these experiments can be attributed to 
the fact that these changes in secretory rate were large compared to the changes 
induced by the current, 

b. Effect of sending current from mucosa to serosa. Figure 2 represents the 
result of a typical experiment in which 20 ma. were sent for one period from the 
mucosa to the serosa (the positive pole of the battery was connected to the 
mucosa electrode jBs). ’ It can be seen that the application of current resulted in 
a decrease in the secretion of HCl. The results of all of the experiments in 
which current was applied from the mucosa to the serosa to an actively se- 
creting stomach are shown in figure 4A. The open circles represent the difference 
in the amount of HCl secreted between the period of current flow and the pre- 
ceding period. 

In figure 2 it can be seen that the secretory rate was depressed after the current 
was turned off, and that it gradually recovered (recovery had started by the 
second period following application of current) over a period of about one hour to 
approximately its former magnitude. This was found to be essentially true in 
those experiments in which 25 ma. or less were applied to the stomach. Appli- 
cation of 40 milliamperes or more from mucosa to serosa usually resulted in a 
much more prolonged and marked depression of the secretory rate (usually for 
the duration of the experiment, 40 to 80 min.). This is illustrated in figure 3A. 
In this experiment there was a relatively marked depression of the secretory 
rate with little tendency toward recovery for the following 40 minutes. In the 
light of the above, the total decrease in the output of HCl when current was sent 
from the mucosa to the serosa was much greater than that represented in figure 
4A, since the values given in this figure are for the difference in secretory rate 
during just two periods. 

It is obvious from the above that applied current produces a much greater 
total decrease in the secretory rate as a result of sending current from mucosa to 
serosa than increase in the secretory rate from sending the current in the opposite 
direction. 

Effect of current applied to the non-secreting stomach on the secretion of HCl. 
Experiments similar to the ones described above were performed on the non- 
secreting stomach. Sixteen experiments were performed in which current was 
sent from serosa to mucosa. The range of current strength in these experiments 
was from 7 to 150 milliamperes. Eight experiments were performed in which 
current was sent from mucosa to serosa and the current range was from 10 to 
125 milliamperes. In none of these experiments was there any evidence that 
application of current resulted in a secretion of HCl as determined by changes 
in the pH of the samples. Sometimes, however, particularly with the higher 
currents, a small increase in the titratable acidity resulted either during the 
period of current application, as seen in figure 3B, or following the period of 
current application, seen in figure 4B. Since there was no appreciable de- 
crease in the pH, this small increase in the titratable acidity is probably due to 
liberation from the mucosa of substances other than HCl. 
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Fig. 3 A. Effect of 40 ma. sent from mucosa to serosa on secretory rate and potential. 

Fig. 3B. Effect of 60 ma. sent from mucosa to serosa on secretory rate and potential of 
the non-secreting stomach. At time indicated by arrow marked E, histamine diphosphate 
was given subcutaneously and, as in all of the experiments, it was repeated at ten minute 
intervals for the duration of the experiment. 

Conventions same as in figure 2, 



strength in inilliamperes. Solid dots represent increase in secretory rate as a result of 
sending current from serosa to mucosa. Open circles represent decrease in secretory rate 
as a result of sending current from mucosa to serosa (see text). 

Fig. 4B. Effect of current sent from serosa to mucosa on the non-secreting stomach. 
Same conventions as in figure 2\50S and 100 S respectively, represent periods during which 
50 ma. and 100 ma. were sent from serosa to mucosa. 

Correlation between 'potential and secretory rode following application of current 
In the present expeiiments no attempt was made to measure the potential 
difference across the stomach during the application of current or during the 
first minute after the current was turned off. 
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It can be seen from figures 2, 3 and 4 that one minute after the current was 
turned off the magnitude of the potential was less than before the application of 
current in both the secreting and non-secreting stomach, irrespective of the 
direction of the applied current. This was true for all expeiiments in which the 
current was sent from serosa to mucosa in both secreting and non-secreting 
stomachs. It was also true for all the experiments in which more than 25 mil- 
liamperes was sent from mucosa to serosa in both secreting and non-secreting 
stomachs. However, when currents of 25 ma. or less were sent from mucosa to 
serosa there was in some experiments an increase in the potential one minute 
after the current was turned off. 

In the experiments in which current was sent from serosa to mucosa there was 
a comparatively rapid return of the potential to its original level, as can be seen 
from figures 2 and 4B. On the other hand, following the sending of current from 
the mucosa to the serosa there was a more prolonged depression of the potential, 
as can be seen in figures 2 and 3. 

The recovery of the potential, following the depression resulting from sending 
current from the mucosa to the serosa, closely parallels the recovery of the 
secretory rate, as can be seen in figure 2. A maintained depression of the po- 
tential (fig. 3A) is always associated with a maintained depression of the secre- 
tory rate. In none of the experiments was there ever recovery of the secretory 
rate without a concomitant recovery of the potential. On the other hand, in 
two experiments there was partial recovery of the potential without recovery of 
the secretory rate. 

Figure 3B shows a typical experiment in which the effect of histamine on the 
potential and secretion is shown after the potential had been previously depressed 
by applying current from the mucosa to the serosa. It can be seen that with the 
onset of secretion the gradual increase in potential was reversed, and that as 
the secretory rate increased the potential again increased and approached the 
magnitude of potential found in secreting stomachs not initially depressed by 
applied current. 

In the present series of experiments data were incidentally obtained on the 
effect of histamine on the resting potential of eighteen dogs. The results in 
sixteen of these dogs were quite similar (resting potential above 70 mv.) to those 
reported previously (5). However, in two dogs the resting potential did not 
rise above 50 and 54 mv. No evidence of a resting secretion of HCl Avas ob- 
tained. After liistamine stimulation the potentials dropped to the neighborhood 
of 40 mv. in both dogs and the amount of secretion was within normal limits. 

Discussion. The findings of the present Avork offer additional support to the 
hypothesis that electrical energy furnishes the energy for the production of HCl. 
This is the first time as far as the Avriter is aAvare that it has been demonstrated 
that a secretory process could be augmented or decreased by application in the 
appropriate direction of a direct current. It is obvious that much more Avork has 
to be done before anything approaching a final interpretation can be placed on 
these findings. However, the present experiments serve as relath^ely good 
controls for each other. For example, the increase in the secretion of HCl 
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resulting from the passage of current from the serosa to the muccosa is probably 
not due to stimulation of secretory nerves since application of currents to the 
resting stomach did not produce secretion. The finding that application of 
current to the resting stomach did not result in secretion can be interpreted 
(in light of the electrical energy hypothesis) as indicating that the characteristics 
of the stomach must be modified by histamine (or some other gastric stimulant) 
before electrical energy is effective in producing HCL It is possible that the 
electrical resistance of certain portions of the mucosa may be quite different in 
the resting and secreting stomach, and that the amount of current passing 
through these regions may for a given total current be much less in the resting 
than in the secreting stomach. 

Further evidence has been presented that a correlation exists between the 
magnitude of the potential and the secretory rate. Depression of the potential 
of the secreting stomach following application of current from mucosa to serosa 
was always associated with a depression in the secretoiy rate. These experi- 
ments are strikingly similar to those (5) in which the potential and secretory 
rate were depressed following the application of HCl to the mucosa of the se- 
creting stomach. 

The minimum amount of free energy necessary for the production of the 
inorganic ions of the gastric juice can be calculated, and it would therefore be 
pertinent to determine the efficiency of the increase in the production of HCl as a 
result of applying current from the serosa to the mucosa. Bull (see Gray (2)) 
and Davenport and Fisher (1) have published such calculations; the former 
reported 1,531 calories, and the latter 820 calories per liter of gastric juice. The 
writer’s calculations (6) are in essential agreement with those of Bull and, there- 
fore, 1,531 calories will be used in the following. Bull made his calculations on 
the assumption that one liter of gastric juice contained 0.169 M of HCl. On 
the basis of these calculations the minimum amount of free energy needed for the 
production of 1 mgm. of HCl is 0.26 calorie or 1.1 joules. The electrical energy 
absorbed by the stomach when current was sent from serosa to mucosa would be 
equal to RIH + Elt, where R is the resistance of the stomach in the chamber in 
ohms, I the magnitude of the applied current in amperes, E the potential differ- 
ence across the stomach in volts, and t the time in seconds. An average value 
for R was taken from previous data on the resting stomach (3). It was assumed 
that the total resistance across the stomach wall is not markedly different in the 
secreting and non-secreting stomach (6). Calculations with the above units 
give the energy in joules. It was found that the total electrical energy delivered 
to the stomach was greater (markedly so for currents of 40 ma. or more) than the 
amount of energy needed for the formation of HCl. However, the RIH energy 
is converted into heat and only a negligibly small fraction of this heat could be 
theoretically converted into useful work (assuming reasonable values for temper- 
ature gradients in the stomach). On the other hand, the Elt energy could be 
theoretically used for useful work. This energy was calculated assuming E = 
0.05 volt (see previous paper (5) in which evidence is presented indicating that, 
after elimination of the diffusion potential of the gastric juice into the saline of 
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the chamber, the gastric potential lies somewhere between 40 and 60 mv.). 
This energy was found to be (Elt = 0.05 volt X 0.001 ampere X 600 sec.) 0.030 
joule per ten minutes per ma. Unpublished evidence (6) warrants the assump- 
tion that the potential is not decreased during the flow of current since the 
potential immediately after the current is turned off is not markedly different 
from its value before application of the current (the potential then drops rapidly 
during the first minute). The average total increase in the secretion of HCl was 
taken as 0.052 mgm. HCl per ma. 

On the basis of the above assumption 0.03 joule of electrical energy can produce 
0.052 mgm. HCl. Assuming that the concentration of HCl in gastric juice 
secreted under the conditions of these experiments is 0.159 N, it was found that 
approximately 800 calories would be required for the production of one liter of 
0.159 N HCl. Since energy is never converted from one form to another mth an 
eflBciency of 100 per cent, it would actually require more than 1,531 calories for 
the production of one liter of gastric juice. The finding that one liter of 0.159 
N HCl would be produced by 800 calories would indicate that either the curent 
acts, at least in part, as a trigger mechanism or that some other process furnishes 
part of the energy necessary for the production of HCl. For example, if some 
other process lowers the pH in some region of the gastric mucosa (see Davenport’s 
theory (1)), the amount of free energy necessary for the production of the HCl 
of gastric juice from this fluid of lowered pH would be less than 1,531 calories. 
If the pH of this fluid was 4.4 then the minimum free energy needed to form one 
liter of 0.159 N HCl would be approximately 800 calories. However, since 
practically nothing is known about the internal circuits of the stomach, the 
amoimt of the Elt energy absorbed at any particular locus might be greater or 
smaller than that calculated above. It is possible that the value of E may be 
greater than the value assumed above (0.05 volt) during the actual flow of 
current. Also it should be pointed out that, on the basis of other correlations 
between the secretory rate and potential, the actual production of HCl during a 
portion of the period following the application of current would be expected to be 
depressed since the potential is depressed for part of this period. The secretory 
rate, however, during this period is greater in the experiments of 40 ma. or more 
than that expected if no current had been applied. Some of the HCl produced 
during the period of current application is probably not secreted until the fol- 
lowing period, and it would be possible for the secretory rate during this period 
following current flow to be greater than that expected (if no current had been 
applied) even though there was a decrease in the production of HCl during this 
period. Therefore, the increased amoimt of HCl produced during the period of 
current flow might be greater than that calculated, i.e., 0.052 mgm. per ma. 

In the light of the above discussion it is not possible at present to come to a 
definite conclusion on the quantitative relationship existing between the amount 
of electrical energy absorbed at particular loci inside the stomach capable of 
doing useful work and the increase in the amount of HCl produced. However, 
the above analysis indicates that the electrical energy absorbed by the stomach 
capable of doing useful work is probably of the same order of magnitude as the 
amount needed for the production of the HCl of gastric juice. 
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There are many implications of the results presented above that cannot be 
gone into here. Obviously, much more work needs to be done on the electro- 
physiology of the stomach before the hypothesis presented in the introduction 
can be established or disproved. So far the data presented in this paper and 
preceding ones offer evidence in support of this h 3 npothesis. 

SUjUMARY 

1. Electric current applied from the serosa to the mucosa of the secreting 
stomach results in an increase in the secretion of HCl. The minimum free 
energy necessary for the production of this increase in the amoimt of HCl is of 
approximately the same order of magnitude as the electrical energy delivered to 
the stomach that is capable of doing useful work (see Discussion). 

2. Electric current applied from the mucosa to the serosa of the secreting 
stomach results in a decrease in the secretion of HCl. The total decrease in the 
production of HCl resulting from application of current from mucosa to serosa is 
much greater than the increase in the secretion of HCl resulting from the appli- 
cation of current from serosa to mucosa. 

3. Electric current applied from the serosa to the mucosa or in the opposite 
direction to the non-secreting stomach does not result in the secretion of HCL 

4. Depression of the potential resulting from the passage of current from 
mucosa to serosa was associated with a depression of the rate of secretion of HCL 
Recovery of the secretory rate was always associated vith a concomitant re- 
covery of the potential. 

5. Histamine stimulation, following the depression of the potential resulting 
from the application of current from mucosa to serosa in the non-secreting 
stomach, resulted in secretion and was associated with a relatively small change 
in the potential. In these experiments the level of the potential after secretion 
was well established ^Yas essentially the same as that found in secreting stomachs 
not initially depressed by applied current. 
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In our studies on humoral mediation in the central nervous system we have 
found that an intravenous injection of eseiine produces a prolonged increased 
activity of the respiratory center. This is attributable to a potentiation of 
normal respiratory reflexes by the anticholinesterase activity of eserine (Gesell 
and Hansen, 1943). This observation, in conjunction with the facts that acids 
(carbonic and lactic) are formed in great and varjdng abundance as the end 
products of aerobic and anaerobic metabolism and that the anticholinesterase 
activity of acid increases with cH (Glick, 1937), constitutes the basis for our 
belief that physiological fluctuations of cH function as an instrument of nervous 
integration (Gesell, Brassfield and Hamilton, 1942). The anticholinesterase 
activity of acid serving as a complementary mechanism to the physiological 
fluctuations of synaptic bombardment provides a dual mechanism for determin- 
ing the intensity of nervous activity. As Sherrington has shown, an increase of 
strength or duration of sensory stimulation intensifies spinal reflexes and pro- 
longs the duration of their after-discharges. These results harmonize with 
cholinergic motivation of nerve cells, since the amount of endogenously liberated 
acetylcholine surviving destruction should increase, within limitations set by 
the mechanism, with an increasing sum total of bombardment (see Cannon and 
Rosenblueth and their associates, and others). Yet contrary to the firmly 
established findings of Sherrington on spinal reflexes, the after-discharge of res- 
piratory reflexes (after-h}"perpnea) to faradic stimulation of Hering’s nerve 
(sinus nerve) is shortened rather than lengthened by a prolongation of sensory 
stimulation.- This disagreement of fact and theory, however, is more apparent 
than real, if it be assumed that the excessive ventilation which alkalinizes the 
body increases the cholinesterase activity and thereby augments the destruction 
of acetylcholine. The speedier lowering of the acetylcholine pools occurring 
in the respiratory center thus hastens the subsidence of breathing and reverses 
the classical observations of Sherrington (1906). 

This view is now supported by readily demonstrable potentiating effects of 
acid on the response of several cholinergic systems to extrinsic acetylcholine 
(the heart of the turtle, the respiratory muscles of the frog, turtle and alligator, 
the submaxillary gland of the dog, and the gut of the rabbit ; Brassfield and Gesell, 
1942; Gesell, Mason and Brassfield, 1944a, b). It is therefore postulated that 

^ Preliminary reports — Proceedings 1942. 

2 It should be remembered that Bering’s nerve contains inhibitory afferents from the 
sinus and excitatory afferents from the chemoceptors. Excitatory effects dominate with 
the strength of stimulation employed in our experiments. 
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the main effect of acid, similar to that of eserine on the nervous integration of 
the respiratory act, lies in its anticholinesterase activity. Though non-stimu- 
lating in itself the end effect of acid is also an increased motivation of nerve cells. 
Just as the amount of power accumulated by a hydraulic dam is determined 
by the volume flow of the converging streams and the height of the dam con- 
serving the water, so is the amount of nervous power available for the motivation 
of the brain deteimined by the height of the dam (i.e., the intensity of the anti- 
cholinesterase activity) and the volume of the converging streams of impulses. 
Working hand in hand with the physiological fluctuations of synaptic bombard- 
ment, physiological fluctuations in cH are thought to control the level of the 
pools of nervous force which propel the respiratory center. Our study inquires 
into the probability of these conjectures. Though our present experiments are 
limited to observations on the respirator^’' act the question of a broader applica- 
tion to neurophysiology in general is raised. 

Methods. The method of study consists in recording the effects of sensory 
nerve stimulation on breathing under var3ring conditions of acid-base equilibrium. 
Tw’o types of nerves were found particularly useful: Hemg’s nerve, and cuta- 
neous sensory nerves w^hich increase the respiratory minute volume, and the 
cervical vagus and superior laryngeal which diminish pulmonary ventilation 
and hold respiration in the expiratory phase. The cH of the tissues was con- 
trolled by administration of carbon dioxide in oxygen-containing mixtures, by 
adjustment of the volume of artificial ventilation, and by stimulation of sensory 
nerves selected either to increase or decrease the respiratory volume. Breathing 
was recorded wdth a Hutchinson spirometer connected with rebreathing tanks. 
During artificially produced pneumothorax the intensity of respiratory move- 
ments w^as registered with the aid of recording bands encircling the torso. In 
some instances the degree of change of arterial cH w^as continuously recorded 
with the glass electrode. We are indebted to Doctor Brassfield for these record- 
ings. All observations w^ere made on dogs, most of w^hich w’ere anesthetized 
with morphine and urethane. 

Results. A comparison of the effects of increased cH on the activity of the 
respiratory center with the response of the rectus abdominis muscle to acetylcholine. 
When an anesthetized dog is caused to rebreathe a gaseous mixture of carbon 
dioxide, oxygen and nitrogen, the volume of breathing increases progressively 
as the tissues turn more acid (see fig. IC). The rectus abdominis muscle of the 
frog, w^hen placed in a w^eak solution of acetylcholine, records a slowiy rising 
curve of contraction bearing a striking resemblance to that of increasing hj’^perp- 
pnea during progressive hypercapnia (see fig. ID). Acidification of the acetyl- 
choline solution wfith carbon dioxide accentuates the gradient and increases the 
final height of contraction (see fig. IE). This comparison of breathing and 
muscular contraction is of interest in that the respiratory center of the dog and 
the rectus abdominis muscle of the frog are cholinergic systems of widely differing 
structure and organization. The respiratory center is a relatively complex unit 
consisting of a large variety of neurons structurally and functionally connected 
with one another. The isolated rectus abdominis muscle is, on the other hand. 
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an exceedingly simple structure composed of units of muscle fibers and corre- 
sponding motor end plates, structurally isolated and functionally insulated from 
one another. 

The similarity of the response of the resphatory center to carbon dioxide, of 
the rectus abdominis to acetylcholine and to acetylcholine plus carbon dioxide 



Fig. 1, The potentiation by carbon dioxide of the stimulating action of endogenous and 
exogenous acetylcholine. C shows increasing hyperpnea produced by the administration 
of carbon dio.xide (potentiation of the stimulating action of endogenous acetylcholine 
liberated by the basal bombardment of the respiratory center). This is to be compared 
wth D and E which show a progressively increasing tetanic contraction of the rectus ab- 
dominis muscle placed in a solution of exogenous acetylcholine. D, non-acidified and E 
acidified solutions. A and B show the after-discharge produced by endogenous acetylcho- 
line liberated by artificial stimulation of Hering’s nerve during hypercapnia and during 
breathing or room air. The after-discharges are represented by the record lying above line 
H A and YZ respectively. The slow relaxation of tetanic contraction after the termination 
of immersion represents after-discharge of muscle to lingering exogenous acetylcholine. 
iNote that the after-discharge is larger in E than in D. 

illustrated m curves 1C, ID and IE suggest that similar forces are at work in 
these two systems. Electrical records show that when a rectus abdominis 
muscle IS submerged in an acetylcholine-containing solution its fibers contract 
Aythmically at varying individual frequencies (Finerty and Gesell, unpublished 
data). The curve of contraction which the muscle records in figure ID is there- 
fore a resultant of summed contractions of a large number of fibers twitching 
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independently of each other. The slowly increasing strength of contraction 
is explained by the progressive penetration of acetylcholine into the muscle and 
a consequent addition of more and more muscle fibers to the contraction. When 
carbon dioxide enters the muscle along with acetylcholine as in figure IE the 
muscle is acidified and the accompanying acetylcholine is better protected against 
hydrolysis. Acetylcholine consequently penetrates more rapidly and reaches a 
greater number of motor end plates in equivalent time, augmenting the gi'adient 
and intensity of contraction. 

If it be granted that the act of breathing is fundamentally a reflex phenomenon 
dependent upon synaptic bombardment the explanation of the gi'adual develop- 
ment of hypercapnic hyperpnea becomes analogous to that of the progressively in- 
creasing intensity of contraction of the rectus abdominis muscle subjected to ex- 
ogenous acetylcholine and to acetylcholine plus carbon dioxide. While the animal 
is at rest under anesthesia it may be assumed that the s\Tiaptic bombardment of 
the respiratory center, the associated liberation of free acetylcholine and the hy- 
drolysis of free acetylcholine all remain uniform. Consequently the amount of 
free acetylcholine driving the respiratory center remains constant and breathing 
goes on at a steadj'' pace. On breathing carbon dioxide, however, this balance 
of liberation and destruction of acetylcholine is disturbed. As the center grows 
more acid, less of the liberated acetylcholine is hydrolyzed, therefore more 
accumulates, neurons are activated in greater numbers and many are driven 
harder. 

Heymans (1939) observed that the respiratory center itself is highly sensitive 
to carbon dioxide and Gesell and Moyer (1937) have shovm that the chemo- 
ceptively-denervated dog responds to hypercapnia in much the same manner as 
does an intact animal. Gesell, Lapides and Levin (1940) have demonstrated 
that a sudden removal of the chemoceptive support of the carotid bodies attained 
by bilateral blocking of Hering’s nerve (after previous elimination of the chemo- 
ceptive support of the aortic bodies by double vagotomy) produces little or no 
reduction of hyperpnea during rebreathing of carbon dioxide mixtures of 6 or more 
per cent. Since the vagus nerve and Bering’s nerve were cut on both sides in 
figure 1C the hyperpnea produced by rebreathing carbon dioxide may be as- 
sumed to originate in the central action of carbon dioxide. This action, if the 
acid-humoral concept is sound, is not one of direct stimulation of the center but 
of a conditioning of the center allowing better conservation and employment of 
physiologically-liberated acetylcholine. 

The correctness of this interpretation may be tested by noting the effects of 
hypercapnia on the response of the respiratory center to artificially-created 
bombardment added to the prevailing basal bombardment. More specifically", 
will artificial superbasal bombardment be potentiated by the action of carbon 
dioxide as physiological basal bombardment seems to be? The answer to this 
question is indicated in a comparison of figures IB and lA in which Bering’s 
nerve is stimulated for periods of 10 seconds ; figure 1 A shows the response to stim- 
ulation during the administration of a carbon dioxide mixture while the nerve cells 
are turning more acid and more capable of preserving their endogenous supplies 
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of acetylcholine. Breathing increases tremendously on stimulation and remains 
at a high volume for an indefinite period after stimulation has ended. Line 
WX obtained by superimposing figure 1C upon figure lA shows the increase in 
h^Tperpnea which was to have been expected during simple saturation of the dog 
with carbon dioxide in the absence of artificial superbasal bombardment pro- 
duced by electrical stimulation of Hering’s nerve. The area of the respiratory 
record above line WX therefore approximates the magnitude of after-discharge 
to this momentary bombardment. The persistence of the hyperpnea in figure 
1 A stands in marked contrast to the brief and rapidly diminishing after-discharge 
to a similar stimulation during noimal conditions of eupnea represented in the 
area above line YZ in figure IB. 

It should, however, be realized that a measurement of the after-discharge to the 
acetylcholine laid down by the artificial bombardment during a progressive 
saturation of the animal with carbon dioxide can only be approximate, as will be 
more apparent in the following section. In the first place, the brain is turning 
more acid and therefore potentiation of the basal bombardment must increase. 
Secondly, the bombardment of the respiratory center is actually increasing due 
to the growing volume of proprioceptive bombardment originating in the aug- 
menting respiratory movements. On first sight figure lA suggests that the 
effects of the artificial bombardment are perpetually sustained so long as hyper- 
capnia continues. This, however, implies that hydrolysis of acetylcholine has 
been completely stopped. If that Avere true, all of the acetylcholine liberated 
by physiological bombardment must accumulate and soon lead to paralysis of 
the centers from over-concentration of the neurohumor. 

Comment on the nature of after-discharge. It has been suggested in an earlier 
publication that the repetitive twitching of muscle fibers subjected to exogenous 
acetylcholine is a rhythmic response to an electrotonic current set up at the motor 
end plate (see fig, 11 and also Gesell, Mason and Brassfield, 1944). As is illus- 
trated in figure 1C the summed contraction of these twitches continues for a 
minute or more after the acetylcholine solution surrounding the muscle has been 
replaced by Ringer’s solution. Contraction finally ceases when the acetylcholine 
concentration at the motor end plates has fallen below threshold values. This 
represents a very simple example of after-discharge. The after-discharge is 
markedly prolonged in figure lE where hydrolysis of acetylcholine is retarded 
by the action of carbon dioxide. The comparison of after-discharge in figures 
ID and IE gives the clue to a simple interpretation of the duration of after- 
discharge of the respiratory center to stimulation of Hering’s nerve during eupnea 
and hypercapnia in figures IB and lA. 

According to the electrotonic theory of nerve cell motivation as originally 
outlined by Gesell (1939, 1940a), the after-discharge produced by sensory stimu- 
lation cannot be explained by circulation of nerve impulses in a circuitous chain 
of neurons as proposed by Lorente de No, Ranson, and others. The electrotonic 
theory demands another explanation, for it holds to the view that the neuron 
functions in three distinct capacities: 1, as a generator of nerve impulses; 2, as a 
conductor of these impulses, and 3, as a motivator; the dendrites and cell body 
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act as generators, the neuraxons as transmitters, and the end plates as motivators 
of other nerve cells or of end organs such as muscle fibers (see figs. 10 and 12). 
Acetylcholine liberated at each activated synapse is assumed to produce local 
negativities which adding to one another establish a common stationary electro- 
tonic current (internal circuit — dendrites to cell body to axon hillock; external 
circuit — axon hillock back to dendrites. See fig. 9). The steady action of this 
dendrite-cell body current, concentrating and emerging at the axon hillock deto- 
nates the hillock and sets up a rhythmical series of new impulses which are 
conducted from the hillock to but not beyond the terminal synapses of its re- 
spective neuraxon. This topographical specialization of function is regarded 
as a basic key to nervous integration for it implies that nerve impulses do not 
travel through a chain of neurons. Transmission being limited to the neuraxon 
proper, nerve impulses cannot circulate wdthin the central nervous system. 

Nor is the circus theory essential for the explanation of the after-discharge of 
centers since simple preparations devoid of circuitous nervous paths are capable 
of striking peripheral after-discharge (twitching of striated muscle: Brown, Dale 
and Feldberg, 1936; Brown and Harvey, 1938; Gesell, jMason and Brassfield, 
1944; after-inhibition of the isolated heart, and after-discharge of sympathetic 
ganglia: Bronk and Larrabee, 1937). With such positive evidence at hand, a 
continuing activity of a reflex arc after sensory stimulation has ceased is readily 
accounted for by combined and simultaneous electrotonic after-activities of the 
individual nerve cells comprising the arc, in which the neurons pass their tonic 
after-activity from one nerve station to another. Gesell, Magee and Bricker 
(1940), for example, have recorded the characteristic slowiy augmenting in- 
spiratory pattern at many points along the inspiratory are (diaphragm and other 
respiratory muscles, phrenic nerve, ventral horn cell, reticulo-spinal tracts, 
medial reticular formation, lateral reticular nucleus, internal arcuate fibers, 
nucleus cuneatus and graciliis, parafasicular gray, and vagus nerve). By means 
of relay “nervous pressure’’ rather than nerve impulses is thought to be passed 
along the arc. 

Effects of hypocapnia on the respiratory center. If h\T}ercapnia promotes an 
increased volume of breathing by ratue of an increased anticholinesterase 
activity at the respiratory center, hypocapnia should produce a diminished 
volume of breathing by virtue of a decreased anticholinesterase activity. The 
effects of hypocapnia are conveniently^ studied by administering suitably graded 
pulmonary ventilation during double pneumothorax and recording the respira- 
tory movements with the aid of torsal bands made of paper w'hich encircle the 
chest and abdomen and record the changes in circumference of the torso. In 
figure 2 a highly excessive ventilation beginning at B is attended by'^ a rapid 
alkalinization of the body and a correspondingly rapid disappearance of the 
respirat'Oiy movements. Apnea occurred within 35 seconds after hyi)erventila- 
tion w^as started. Howuver, w^hen artificial ventilation is adjusted to a volume 
only slightly greater than that demanded by the basal needs of the animal, the 
respiratory movements subside more slowiy, presumably^ because such ventila- 
tion W' ashes out the carbon dioxide more slowly (see fig. 4C) a presumption con- 
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firmed Avith the glass electrode. When apnea is reached, whether by rapid or 
slow alkalinization, the endogenous acetylcholine liberated by physiological 
bombai’dment can no longer accumulate in sufficient quantity to stimulate the 
respiratory neurons, i.e., the acetylcholine pools are believed to have receded 
from their preceding eupneic leA^^els and dropped to sub-threshold or apneic 
levels. 

Theoretically the effects of superbasal bombardment of the respiratory center 
should be reduced by a lowered cH just as are the effects of basal bombardment. 
Figure 2 illustrates a reflex response of the center to a short period of faradic 
stimulation of Hering's nerve delivered at point C during hypocapnia while the 
neurons are losing their power of conseiwing their endogenous supplies of acetyl- 
choline. Excessive artificial ventilation begins at B. Shortly after apnea is 
established Heiing’s nerve is stimulated at C. Though the center Avas capable 
of reacting, the response Avas extremely short, barely longer than the period of 
stimulation. Only one deep breath occurred and that breath occupied the full 



Fig. 2. A comparison of the effects of hypo and hypercapnia on the response to stimula- 
tion of Hering’s nerve. Breathing is recorded with the aid of a costal band. A. Normal 
breathing with the chest intact. B. Double pneumothorax plus excessive ventilation 
leading to a rapidly developing hypocapnic apnea. C. Response to 4 seconds’ stimulation 
of Hering’s nerve (virtually no after-discharge). D. Resaturation of animal with 10 per 
cent CO 2 mixture. Before apnea had terminated Hering’s nerve was stimulated again at 
E. The response is more vigorous and the after-discharge is prolonged. F. Pneumothorax 
terminated after which animal breathes room air. 

period of stimulation. The single small breath Avhich folloAvs, therefore, repre- 
sents the entire after-discharge, a result differing strikingly not only from that of 
figure 1 A duiing h 3 q)ercapnia but from that of figure IB during eupnea, AAffien the 
tissues of the animal are at their normal cH. In order to turn the animal more 
acid again cai*bon dioxide was administered at D in figure 2 shortly after stimu- 
lation of Hering’s nerve. Just before apnea Avas about to terminate Hering’s 
nerve AA’as stimulated again at E, Breathing began immediately and AAdth a 
slightly stronger contraction than that of eupnea. The excursions also remained 
higher than at A, indicating that an after-discharge had been set up as a result 
of the re-acidification of the center. 

As judged by the reflex responses of the respiratory center to artificial sensory 
stimulation during hyper and hj^pocapnia we may conclude in agreement A\ith 
our introductory statements that the magnitude of breathing is important! v 
related to tAvo factors: A, the A^olume of S 3 nQaptic bombardment or the rate at 
Avhich endogenous acetylcholine is liberated at the respiratory center, and B, 
the rate of destruction of this acetylcholine as deteimined by the relative in- 
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tensity of cholinesterase and anticholinesterase activity. During eupnea both 
factors tend to remain unifonn 'while during progressive hyper or hypocapnia 
both factors tend to vary. Hypercapnia increases anticholinesterase activity 
and the volume of synaptic bombardment. Extra or superbasal bombardment 
of the respiratory neurons originates in at least three sources: 1, an increasing 
chemical stimulation of the chemoceptors; 2, an increasing inflow of muscular 
proprioceptive impulses arising from intensified contractions and extensions of 
the respiratory muscles, and 3, a greater bombardment by the pulmonary pro- 
prioceptive impulses originating in augmented inflation and deflation of the 
lungs, since the vagus nerves have a dual excitatory influence, driving both the 
inspiratory and the expiratory centers (see Gesell, 1940a for heterogeneous bom- 
bardment of the respiratory center, and figs. 9 and 13). 

In contrast to hypercapnia, h^^pocapnia tends to diminish the intensity of anti- 
cholinesterase activity and the volume of bombardment of the respiratory center 
in proportion to the lowering of cH and the withdrawal of chemoceptor, muscle 
proprioceptive and pulmonary proprioceptive support. 

It is pointed out that a blowing off of carbon dioxide or an administration of 
cholinesterase should produce comparable effects on naturally prevailing re- 
flexes. The experiments of Mendel and Hawkins (1943) showing a weakening 
of ocular reflexes after intravenous injection of cholinesterase give support to this 
general line of reasoning. 

A comparison of respiratory and spinal reflexes. Respiratory and non-respira- 
tory motor reflexes have the purpose of adjusting the intensity of muscular 
contractions. This similarity of purpose implies a similarity of mechanisms for 
attaining the common end effects. On the other hand, spinal and respirator^'' 
reflexes differ widely in the functions they are designed to control, which in turn 
implies a possible difference of integration in which the factor of cH might play 
no role in the non-respiratory reflexes. So with the discovery that the duration 
of respiratory reflex after-discharge is shortened rather than lengthened by a 
prolongation of sensory stimulation, as described by Sherrington for spinal 
reflexes, a more rigid analysis becomes mandatory. 

If it IS true that the shortening of after-hyperpnea produced by a prolongation 
of stimulation of Hering’s nerve is due to a washing out of carbon dioxide from 
the tissues (Gesell, Brassfield and Hamilton, 1942) the effects of a prolongation 
of stimulation should be reversed if alkalinisation is prevented and thus 
conform with the findings of Sherrington. This proves to be true in figure 3 
where Bering’s nerve is stimulated 1, 5, 10, 20 and 40 seconds respectively. The 
chest is intact which allows reflex hyperventilation of the lungs. In figures 3A, 
B and C where the periods of stimulation were relatively short — 1 , 5 and 10 
seconds respectively — the magnitude and the duration of the after-hyperpnea 
increased progressively. But comparing figures 3C, D and E where the periods 
of stimulation were 10, 20 and 40 seconds respectively the magnitude and dura- 
tion of the after-hyperpnea are found to diminish. This extraordinaiy shift in 
results from a lengthening to a shortening of after-discharge with increasing 
duration of stimulation is attributed to the progressively increasing effects of 
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h>T)erventiIation, Where only one deep breath occurs during the period of 
stimulation as in figures 3A and B ob\fiously no alkalinization of the respiratory 
center could possibl}" occur during the course of stimulation and extremely little, 
if any, after the cessation of stimulation. In figures 3D and E, however, where a 
marked hyperpnea continues for 20 and 40 seconds respectively, alkalinization 
of the respiratory center undoubtedly does occur as soon as the h>"pocapnic blood 
produced by overventilation of the lungs reaches the brain. The turning point 
of the effects of prolongation of stimulation presumably comes at the moment 
when the strengthening effects of an increasing accumulation of acetylcholine 
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Fig. 3. A, B, C, D and E. Effects of increasing the duration of faradic stimulation of 
Hering’s nerve on the duration of the after-discharge. Chest intact. Comparing A, B and 
C, increased duration of stimulation is seen to prolong the after-discharge. Comparing C, 
D and E. a further increase of duration of stimulation is seen to shorten the after-discharge. 
See text for explanation. F, G and H show effects of increasing strength of stimulation 
with duration remaining constant. (See last section of paper on intensity, frequency and 
duration of stimulation.) 


are just balanced by the weakening effects of a simultaneously increasing anti- 
cholinesterase activity resulting from a diminishing cH. 

In figures 4A and B Hering’s nerve is stimulated 20, 40 and 70 seconds re- 
spectively, also with the chest intact, thus allowing vaiwing degrees of over- 
ventilation. The corresponding periods of after-discharge following these 
graded alkalinizations were 78, 70 and 47 seconds. Toward the end of figure 4B 
the chest was opened on both sides (see the drop in the spirometer record). 
Artificial ventilation was immediately administered (see the slower and greater 
excursions of the spirometer). The stroke of the pump was set as accurately as 
is possible with a single adjustment to approximate the volume of normal breath- 
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ing. The slowly diminishing costal excursions, however, indicate that the arti- 
ficial ventilation was slightly in excess and that the animal was turning slowly 



Fig. 4. A comparison of the effects of stimulation of Bering’s nerve for a period of 70 
seconds under three conditions of acid-base equilibrium. In A and B where the chest is 
intact and reflexogenic hyperventilation is progressively prolonged the after-discharge lasts 
78 70 and 47 seconds, respectively. In C where the chest is open and artificial ventilation 
is uniform and only slightly in excess of normal, the after-discharge to stimulation lasts Z 
minutes. In D where artificial ventilation is deficient, after-discharge is indeterminably 
long because the animal is turning progressively more acid. 

more alkaline. Under these newly created conditions in which abrupt reflexo- 
genic hypocapnia and extensive reduction of cH were eliminated the aftei-dis- 
charge was greatly lengthened— from 47 seconds in figure 4B to 180 seconds m 



Fig. 5. Effects of duration of stimulation of Hering’s nerve during uniform conditions 
of acid-base equilibrium upon the duration of after-discharge. Open pneumothorax and 
uniform artificial ventilation adjusted to the basal respiratory requirements. The after- 
discharge increases in duration with increasing length of stimulation. 



Fig. 6. Comparison of effects of prolonged stimulation of Hering’s nerve while the animal 
breathes room air in B and a carbon dioxide mixture in C. Spirometer tracing. The ab 
sence of signs of fatigue under the presumably adverse conditions of C indicates that fatigue 
does not exnlain weakeninff of respiration in either B or A. See text for explanation. 




CH AND NERVOUS INTEGRATION 


137 


figure 4C ^an increase of approximately 400 per cent. In figure 4D v’here 
artificial ventilation is deficient as a result of a reduction of the stroke of the pump, 
recovery from stimulation can not occur for the animal is turning progressively 
more acid. 

In figure 5 the attempt was made to maintain uniform acid-base equilibrium 
during a series of stimulations of graded duration, thus duplicating the conditions 
of Sherrington’s experiments on spinal animals. The chest was open for a long 
period under uniform artificial ventilation carefully adjusted to the basal re- 
quirements of the animal. Hering’s nerve was stimulated for periods of 0.5, 
1.8, 3.0, 6.0 and 12.0 seconds respectively* The durations of corresponding 
after-discharges were 102, 157, 221, 296 and 365 seconds, illustrating an un- 
questionable similarity of relationship of after-discharge to duration of reflex 
stimulation in respiratory and spinal reflexes. 

Synaptic fatigue and duration of after-discharge. Cannon and Rosenblueth 
(1937) have presented evidence for the existence of fatigue in motor end plates 
after very prolonged motor nerve stimulation. They believe that the amount 
of acetylcholine liberated at each end plate by each impulse is diminished by 
prolonged stimulation. Therefore it could follow that the amount of acetyl- 
choline in the process of liberation in the respiratory center is less at the end of a 
long period of stimulation of Hering’s nerve than at the end of a shorter period 
of stimulation. Compare figure 4B where stimulation lasts 70 seconds ivith that 
of figure 4A where stimulation lasts only 20 seconds. The shortening of the 
after-discharge produced by the added 50 seconds of stimulation in figure 4B 
might then be due to a reduction in rate of liberation of acetylcholine as well as 
to an augmented speed of its destruction. But when the hjq)othetical factor of 
augmented destruction is eliminated by preventing reflexogenic overv^entilation, 
as in figure 6, there are no indications that prolongation of stimulation is at- 
tended by greater synaptic fatigue. Moreover, in figure 4D where artificial 
ventilation is reduced below normal requirements the after-discharge is increased 
above that of either figure 4B or C. Inasmuch as an increase of tissue cH above 
normal tends to impair oxidations an earlier onset of fatigue might have been 
expected. 

Corroborative findings are illustrated in figures 6B and C in which Hering’s 
nerve is stimulated with equal intensity for periods lasting 100 seconds each. 
The animal breathes room air in figure 6B and a carbon dioxide mixture (5 per 
cent CO 2 , 30 per cent O 2 and 65 per cent N 2 ) in figure 6C. Several changes in 
breathing occur in figuire 6B which might be regarded as highly suggestive of 
fatigue. There is a diminution of hyperpnea during the period of stimulation, a 
reduction of breathing almost to the point of apnea after stimulation has ceased, 
and a final and gradual “recovery” to normal. But in the next stimulation, 
figure 6C, where alkalinization is prevented by the breathing of carbon dioxide 
and where oxidations are presumably hampered all three of these signs of fatigue 
disappear almost completely. It therefore seems that synaptic fatigue can play 
only a relatively insignificant r61e, if any, in the interpretation of our results. 

It seems highly improbable that the respiratory center would fatigue in the 
course of a short reflexogenic hyperpnea lasting only ten seconds, because physio- 
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logical hypeipneas of great intensities can endure for extremely long intervals 
of time. If that assumption is correct it is probable that the hypopnea occurring 
after the termination of stimulation of Hering’s nerve in figure 6A is due pri- 
marily to the flushing of the tissues of a portion of their normal anticholinesterase 
activity. 

Our findings on reflexogenic h^peipnea are reminiscent of the well-known 
respiratoiy response of the dog to intravenous injection of cyanide. If the period 
of injection is relatively brief the effects produced are very similar to those result- 
ing from electrical stimulation of Hering’s nerve — a transitory hyperpnea, an 
apnea or short period of markedly diminished ventilation and a final gradual 
return to the normal respiratory volume existing before injection. As is now 
well-known through the experiments of He 3 mians, cyanide stimulates breathing 
by its action on the chenioceptors. The subsequent apnea and hypopnea we 
believe are due to a temporary alkalinization of the brain which outlasts chemical 
stimulation at the chemoceptors, because cyanide is rapidly destroyed in the 
tissues. During this state of super-alkalinity the basal synaptic bombardment 
of the center is no longer capable of maintaining the normal volume of pulmo- 
nary ventilation. Breathing consequently subsides, carbon dioxide necessarily 
re-accumulates, anticholinesterase activity increases, and pulmonary ventilation 
returns to normal (Gesell, Lapides and Levin, 1940). 

The effects of prolonged stimulation of Hering’s nerve are also reminiscent 
of those produced by voluntary hyperpnea in man. As Haldane has shown, 
apneas fail to occur if the indmdual breathes a carbon dioxide mixture instead 
of pure air and are therefore not due to fatigue. 

The influence of cH on the reflex respiratory responses to siimnlation of the su- 
perior laryngeal and saphenous nerves. In contrast to the effect of stimulation 
of Hering’s nerve, stimulation of the superior laryngeal nerve produces a pre- 
dominantly expiratory response which if sufficiently intense holds breathing in 
the expiratory phase through reciprocal inhibition of the inspiratory half-center 
(Gesell and Hamilton, 1941). The excessive expiratory constriction of the chest 
produced by such stimulation during artificial ventilation is illustrated in figure 
7 by the sustained upstroke. Each stimulation lasts 16 seconds. The first 
stimulation occurs during artificial ventilation just adequate to meet the basal 
respiratory needs, i.e., the stroke of the pump was so adjusted as to maintain a 
uniform strength of respiratory contractions as recorded by the costal band trac- 
ing. Several minutes preceding the second stimulation the stroke of the pump 
was increased for the purpose of creating a gradual alkalinization of the animal. 
It will be seen that expiratory constriction of the chest produced by stimulation 
is less than before. The stroke of the pump was now reduced to a volume insuffi- 
cient for basal respiratory requirements and maintenance of a normal cH as is 
indicated by the continued increasing respiratory movements. In contrast 
to the effects of alkalinization, acidification increases the degree and duration 
of the expiratory costal constriction produced by stimulation of the superior 
laryngeal nerve. As judged by that portion of the record lying above the hori- 
zontal extension, the expiratory constriction produced by stimulation of the 
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superior laryngeal continues indefinitely. This extraordinary prolongation of 
expiratory after-discharge compares well with the prolongation of inspiratory 
after-discharge illustrated in figure 1, which indicates that both half-centers 
share in the acid-humoral mechanism of nerve cell motivation. Such balanced 
response to changes in cH is no doubt essential to co-ordinated integration of 
half-centera. 

The effects of stimulation of the saphenous nerve differ from those of Hering’s 
nerve and the superior laryngeal nerve in that the inspiratory and expiratory 
components are more evenly balanced. The balance, however, is by no means 



7A 



7B 


Fig. 7. Acid potentiation of expiratory reflexes elicited by two different nerves; the su- 
perior laryngeal in 7 A and the saphenous in 7B. Costal band tracings. The results show 
that acid potentiates expiratory bombardment regardless of the source of the impulses. 

perfect and may vary from one experiment to another. In figure 7B, for exam- 
ple, a slight dominance of the expiratory component is evident. In these obser- 
vations the saphenous nerve is stimulated for equal periods of 30 seconds during 
uniform artificial ventilation. The ventilation is adjusted to a volume just 
adequate to meet respiratory needs in the upper record. The after-discharge 
which consists of a combination of increase of inspiratory and expiratory con- 
tractions averages about 105 seconds. Following these observations the stroke 
of the pump was reduced below the basal requirements of the animal in order to 
produce a gradual increase of the cH of the tissues. The increasing amplitude 
of the costal tracings indicates the progress of this change. Under these condi- 
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tions the expiratory constriction failed to subside with the termination of the 
stimulation in the manner illustrated in the preceding record, but continued 
indefinitely. The similarit 3 " of the effects of increased cH on the expiratory 
components of the superior lar^mgeal and saphenous nerves demonstrates that 
potentiation of activity of an indmdual half -center is independent of the source 
of bombardment of that center. 

Intensity, frequency and duration of sensory stiimdation. All reflexes should 
be sensitive to variations in intensity, frequenc^^ and duration of stimulation of 
sensory nerves because the combination of these factors theoretically determines 
the volume of synaptic bombardment, i.e., the total number of impulses im- 
pinging at the centers. In terms of neuro-humoral mediation the effectiveness 
of stimulation is related to the amount of acetylcholine laid down per unit of 
time and to the amount concomitantly destroyed. These factors determine the 
sum total accumulated at the neurones. Strength of stimulation of a nerve 
trunk decides the number of nerve fibers and the number of synapses activated 
and therefore the amount of acetylcholine liberated per shock. With strength 
of stimulation remaining constant, frequency of stimulation fixes the total 
amount of acetylcholine liberated per unit of time. The time intervening be- 
t'ween stimuli determines the amount destroj^ed between shocks; therefore 
frequency determines not only the maximum amount which can accumulate but 
also the rate wdth Avhich it accumulates, i.e., the gradient of summation of nerve 
cell motivation. Other factors remaining constant, the duration of stimulation 
determines how long the process of summation will continue and fixes the amount 
of acetylcholine which will ultimateh' accumulate. 

The effects of increased duration of stimulation of Hering^s nerve have already 
been noted (fig. 5). Provided hyperv^entilation is avoided the intensity of the 
respiratory response increases in confomihv^ with the expected accumulation of 
acetylcholine. A similar augmentation of response occurs when strength instead 
of duration of stimulation is increased (see figs. 3F, G and H). When both 
strength and duration of stimulation are kept uniform the respiratory response 
also increases with an increase of the frequency" of shocks (see figs. 8A, B, C and 
D). Hering’s nerve is stimulated faradicalty for a period of 60 seconds in each 
observation, at frequencies of 4, 8, 15 and 30 per second respectively. The effect 
of shortening the time betw^een shocks is evidenced not only in the response of 
the main respiratory^ muscles but in the accessory muscles of the face as well. 
At the low^er frequencies of 4 and 8 per second the accessory muscles remain 
quiescent. At 15 per second definite respiratory contractions appear and at 30 
per second they are markedly augmented. Thus it is believed that the factors 
of intensity, duration, and frequency of stimulation produce effects upon respira- 
tory reflexes comparable to those known to occur in spinal reflexes. 

Fundamental similarities of respiratory and spinal reflexes indicate a common 
cholinergic integration and a similar modification by cH . The literature abounds 
in observations on this point, revealing an incidence of acid-humoral mediation 
w-herever acetylcholine is thought to play a physiological role. 1. Mathison 
(1910 and 1911) finds that “Oxygen lack, COo excess, intravenous injection of 
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acid all cause a rise of blood pn^ure, and muscular spasms” in the spinal animal 
and “that the action of carbon dioxide on the skeletal muscle centers is not con- 
fined to the respiratory center, but is also capable of affecting the spinal cord ; the 
action differs only in the respect that the medullary center is much more sena- 
tive.” 2. King, Garrey and Bryan (1932) conclude that “The lower spinal 
centers are qualitatively affected by an increase in the carbon dioxide tenaon in 
the blood and by anoxia as is the respiratory center, but quantitatively are much 
less responsive.” 3. Montgomery and Luckhardt (1929) showjhat an “increase 
in the intraspinal pressure following transection of the cord above the knee jerk 
center results in a temporary but marked increase in the amplitude of the knee 
jerk.” 4. Schweitzer and Wright (1937) state that the force of the knee jerk 
is not uncommonly enhanced by i^emia of the cord. 5. Porter, Blair and 
Bohmfalk (1938) find that slight asphyxia produced by increased intraspinal 
pressure and intravenous injection of sodium cyanide increases the number of 
motor units responding to reflex stimulation. 6. Cannon and Haimovici (1939) 
state that “the simplest way to excite spinal nerve cells is by partial asphyxia.” 
7. The findings of MacDowall (1930) are more inclusive. “If a decerebrate 
pnima.1 is overveutilated the characteristic rigidity disappears and the muscles 
become quite flaccid but the ri^dity returns if COj is caused to accumulate.” 
“The results soggest that if the respiratory centers are considered as the upper 
ends of the reflex arcs, then the well known stimulating effects of CO* on these 
centers is not specific.” 8. Derbyshire, Rempel, Forbes and Lambert (1936) 
state that a “striking increase in a spinal reflex during asphyxia is similar to 
that which we have often observed but not measured in decerebrate cats just 
before the onset of asphyxial convulsions following respiratory failure.” 
“Whereas the flexion reflex was abolished by anaesthetics it was increased in 
asphyxia.” 9. Elsberg and Pike (1926) find that “the susceptibility of cats to 
convulsive seizures from absinth was increased whoever intracranial preffiure 
was raised by intracranial injections” and “diminished when intracranial pres- 
sures were lowered by intravenous injections of hypertonic solutions.” Ihey 
surest that Jacksonian epilepsy may be due to localized differences in intra- 
cranial pressure and that a starvation dmt may benefit by a lowering of the 
intracranial pressure consequent upon the diminished fluid intake. 10. The 
experiments of Drabkin and Ravdin (1937) disclose the following sequence of 
events leading to convulsions in hyperinsulinism: severe hsqMJglycemia, an- 
hydremia, rise in cerebrospinal fluid pressure to critical level, convulsions. They 
believe that “The previous state of hydration of anhnals has a profound effect 
upon the incidence of convulsions in insulin hypoglycemia.” Dehydrated 
(fid not have convulsions. 11. Bartley, Howard and Heinbecker (1940) 
find that the effect of carbon dioxide (10 per cent) is to produce exdtatory effects 
;aiTnilfl.r to those produced early in hypo^ycemia and by mild strychninization. 
In this onnnftptinn it should be recall^ that strychnine is an anticholinesterase 
and therefore should produce effects analogous to those of acidosis during hyi«r- 
capnia and hypo^ycemia. They state that “The excitatory effects following 
insulin administration are evidenced by a lowering of the threshold, for the 
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immediate response to stimulation of the saphenous nerve and an increase in its 
amplitude and duration. This is associated with an intensification and pro- 
longation of the discharge in certain peripheral axons as is illustrated in the 
efferent discharge over the phrenic nerve.^’ It will be noted that these results 
coincide with those of ours in which other efferents were stimulated. 12, Salant 
(1926) calls attention to the stimulation of the vasomotor center in the medulla 
by nicotine (as reported by Pilcher and Solhnann) and of a similar stimulation 
by lactic acid as reported by Mathison. Salant finds that the cardio-inhibitory 
and the pressor action of nicotine are increased by an injection of lactic acid and 
decreased by a similarly administered alkali. 13. Henderson (1918) showed 
that overventilation of the lungs lowers blood pressure. 14. Dale and Evans 
(1922) showed that overventilation produced an increase of leg volume which 
they attributed to a washing out of carbon dioxide from the medulla. 15. 
Svrale, Vincent and Thompson (1928) showed that the fall in blood pressure is 
reduced in hyperventilation by the addition of 5 per cent CO 2 to the inspired 
gaseous mixture. Granting that blood pressure is maintained reflexly in the 
same manner as is breathing it may be concluded that the intensity of vascular 
reflexes is graded by the anticholinesterase activity of carbon dioxide in the 
manner described for the respiratory reflexes. 16. In this connection McDowall 
(1930) has shown that there is a good vascular reaction to the foot-down position 
under ordinary experimental conditions but following overventilation this re- 
action is very poor. 17. Anrep and Segall (1926) state that if cerebral anemia 
produced after section of both vagi only an accelerator effect is observed. 
This shows that in the first case both centers are being simultaneously stimulated 
by the anemia, the effect of the inhibitory center predominating over that of the 
accelerator.^^ 18. Anoxemia was found to increase the cardio-inhibitory action 
of the vagus by Van Liere and Crisler (1933). 19. In studies on the effects of 
asphyxia upon the heart rate of rabbits at different ages Bauer (1938) concludes 
that the gradual appearance of the inhibitory effects of asphyxia is due to the 
gradual development of vagal action. This confirms our stand that acid does 
not act as a direct stimulant Its action as a moderator is dependent upon the 
liberation of acetylcholine at the nerve terminals. 20. As shown by Bronk, 
Tower and Solandt (1935) the postganglionic response becomes progressively 
larger during the course of repetitive submaximal stimulation of the preganglionic 
fibers. This presumable facilitation is markedly augmented by restricting the 
circulation of a perfused ganglion (Bronk and Larrabee, 1937). In a like man- 
ner it is found that “the persistent discharges of sympathetic fibers, assumed 
to be vasoconstrictor, are increased by asphyxia as the blood pressure begins to 
rise’’ (Adrian, Bronk and Phillips, 1932). 21. On comparing the effects of 
prolonged rapid stimulation of the cervical sympathetics on the nictitating 
membrane, and on the iris, and of similar stimulation of the vagus on the heart, 
Lanari and Rosenblueth (1939) find that the decline of response during fatigue 
(4th stage of transmission) is followed by a late persistent increase (6th stage). 
It is inferred that “the 4th and 5th stages are ganglionic phenomena analogous 
to the 4th and 5th stages described by Rosenblueth and Luco (1939) for somatic 
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neuromuscular junctions,’’ It is concluded that ''the transition from the 4th 
to the 5th stage is due to an increase in the ability of the nerve to produce acetyl- 
choline” (italics ours). If, however, the cH increases during this period of 
transition the 5th stage would be more logically explained by the protecting 
effects of a progressively increasing anticholinesterase activity. The observa- 
tions of Lanari and Rosenblueth (1939) that unavoidable slight impairment of 
the circulation in the ganglion becomes a disturbing factor in their studies on the 
five stages of response would seem to conform with this possible interpretation 
of the 5th stage. 22. The observations of Babkin (1924) on this point are apro- 
pos. He found that "under such apparently very imfavorable conditions (very 
low blood pressure) the stimulation of the vagi below the heart provoked a very 
considerable secretion.” "Even a few minutes before death when the heart was 
beating slowly (7 to 8 in 1 min.) and the blood pressure gradually falling to zero, 
the stimulation of the vagi gave some secretory effect.” One of us has had the 
same surprising experience with salivary secretion elicited by stimulation of the 
chorda tympani during progressive hemorrhage. At the lower blood pressures 
salivary secretion was copious enough to extract sufficient fluid from the supply 
of blood to diminish and in some cases almost obliterate the flow’' of blood through 
the gland (Gesell, 1919). 23. The significance of intense activity under un- 
favorable conditions is further illustrated in the most interesting demonstration 
by Guttman, Horton and Wilber (1937) of enhancement of muscular contractions 
occurring after tetanus in the isolated muscle which is being progressively "fa- 
tigued” by an infrequent rhythmical stimulation of its motor nerve. Under 
most unfavorable conditions when the muscle is approaching complete fatigue, 
indirect tetanization for approximately 10 seconds produces great enhancement. 
The authors conclude that the accumulation of a chemical mediator at the myo- 
neural junction offers a reasonable explanation of their findings. Joint accumu- 
lation of acid and mediator working hand in hand would seem, however, to offer 
a more complete explanation since the prevention of the formation of lactic acid 
by iodoacetate modified the results profoundly. The authors state that "Prepa- 
rations from frogs injected with 20 mgm. of sodium monoiodoacetate showed no 
enhancement after tetanus given either before or after the onset of fatigue, but 
instead the tetanus markedly increased the fatigue.” 24. Another instance in 
which cholinergic intermediation is particularly effective under conditions of 
stress and presumably high cH is illustrated in the experiments of Garrey and 
Boylsen (1935). "Dmitrophenol augments the respiratory metabolism of 
resting cardiac muscle in vitro, the rate of oxygen consumption being increased 
threefold on the average and in some cases as much as fivefold.” "Vagus stimu- 
lation was still effective under these conditions and there was evidence that the 
inhibitory mechanism was actually more sensitive than in the normal prepara- 
tion,” 25. It is most interesting that the very* highest functions of the brain 
which have to do with perception and judgment as well as the lowest fxmction 
in the gut and pancreas are subject to the modifying influence of acid. This is 
well illustrated in the numerous studies of Gellhom. The impairment of visual 
intensity discrimination produced by breathing 8 to 9 per cent oxygen mixtures 
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is “completely removed or greatly diminished by small concentrations of carbon 
dioxide” (3 per cent) (Gellhom, 1936a). 26. “Addition of 3 per cent carbon 
dioxide to the oxygen nitrogen mixture greatly alleviates or completely offsets 
the effects of anoxia” on the critical vision fusion frequency (Gellhom and Hail- 
man, 1943). 27. The excitability of the “auditory and of the visual apparatus 
is influenced in a similar manner by hyperpnea, Os lack and COs excess” (Gell- 
hom, 1936b). 28. To all appearances the acid-humoral mechanism assumes an 
important r61e in high altitude physiology. Good effects of amm onium chloride 
are described on Mount Kamet and in the steel chamber at 347 mm. B.P. as 
indicated by lower alveolar COa, higher alveolar Os, a lessened degree of cyanosis, 
a slower pulse rate, and a greater ability to do muscular work (Douglas, Green 
and Kerzin, 1932), 29. These results on man are supported by Schlitz, Morse 
and Hastings (1935) on the dog. “Alkalosis induced by the administration of 
sodium bicarbonate often reduced the capacity of dop for muscular exercise.” 
“Conversely acidosis following ingestion of ammonium chloride often exerted a 
favorable effect and in no case appreciably reduced the capacity of the dop for 
exercise.” “It would appear that acidosis accompan 3 nng physical exercise is 
not to be r^arded as a causal factor of fatigue in dop.” 30. Dill and Zamcheck 
(1940) find that “The addition to inspired air of carbon dioxide renders a given 
low pGs tolerable, not only on account of an increased arterial saturation but 
because the disturbance of acid-balance is reduced. However, the gain in 
oxygen saturation is less than results from an equal pOj, the pCOj remaining 
constant.” 31. The experiments of Gibbs, Gibbs and Lennox (1943) are of 
interest in the support which they give to the participation of the acid-humoral 
mechanism in the hipest functions of the brain. They find that ‘ ‘Eight subjects 
breathing a mixture of 6 per cent oxygen and 94 per cent nitrogen became greatly 
confused or unconscious as evidenced by irregular instead of rhythmic tapping, 
by errors in addition and subtraction, and by failure to remember correctly a list 
of three common words. In all cases this failure of intellectual function was 
accompanied by disordered cortical function as manifested by hi^ voltage 2 to 4 
per second waves in the electroencephalogram. However, when the mixture 
was changed to 6 per cent O 2 , 5 per cent CO 2 and 89 per cent N 2 , all subjects 
recovered their normal intellectual functions, and the electrical activity of the 
cortex returned to normal.” 32. Since the evidence is now acc umulatin g that 
acetylcholine plays an important part in the conduction of the impulse in nerve 
fiber (see Nachmansohn and Fulton, 1943) it will be advisable to look for evidence 
of a corresponding r61e of the acidrhumoral mechanism in conduction as well as 
in generation of nerve impulses and motivation at the terminal endinp. Per- 
haps the observations of Necheles and Gerard (1930) are pertinent in this respect. 
They find that “Exposing a stretch of nerve to carbon dioxide causes a marked 
increase of total action potential, up to five times the initial values. This is true 
for carbon dioxide concentrations (in oxygen) from 10 to 100 per cent.” 33. To 
all of these observations should be added the statement of Feldberg and Schriever 
(1936) that “Asphyxia causes acetylcholine to appear in cerebrospinal fluid after 
eserine and adrenalectomy.” 
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The evidence strongly indicates that an acid moderating mechanism is built 
into the very foundation of nervous integration. 

Discussion. A comparative analysis of eUctroclonic and electrotonic theories 
of intermediation. The classical electrical theory of so-called “synaptic trans- 
mission’^ of impulses from one neuron to another is essentially an electroclonic 
mechanism in which time relationships of bombardment are held to play a major 
rdle. The theory bases its case primarily on the belief that transmission in nerve 
fiber shows many physiological phenomena common to “synaptic transmission.” 
“Latency, one-way transmission, temporal summation or facilitation, and trans- 
mission of the action potential across a non-conducting gap” all of which have 
been demonstrated on nerve fiber by Erlanger (1939) lead him to put the follow- 
ing hypothetical question — “If an inactive stretch of fiber over 1 mm. in length 
does not stand in the way of electrical transmission of the impulse is it reasonable 
to maintain that the discontinuity at the synapse will stop such transmission?” 
Eccles (1939) states “it may be taken as established that nerve impulses are 
propagated over the surface of nerve cells exactly as along peripheral nerve 
fibers.” Rushton (1937) and Katz (1937) show that the electrical propagation 
of a nerve impulse demands a minimal length of excitation before propagation 
can occur as an all-or-nothing process. The general opinion seems to be (see 
Fulton, 1943) that “A discharge at a single axon terminal may be insufficient to 
excite an anterior horn cell.” This is but an extension of Rushton’s concept that 
a minimal critical area of excitation is essential for the all-or-nothing detonator 
response of a nerve cell. Thus, according to Eccles (1939) “detonator summa- 
tion results from the fusion both of the excited and of the electrotonic areas 
which spread decrementally from adjacent synapses.” Delayed circuits and 
reverberating circuits (Lorente de No, Ranson and Hinsey, and others) are 
thought in turn to account for summation and after-discharge common to nerve 
centers. 

From experimental data obtained by anti-dromic stimulation it has been 
concluded by some observers that cell body as well as nerve fiber conducts im- 
pulses both up and down stream. Forbes (1939), however, regards it as an 
“unproved assumption” that “an antidromic impulse causes a discharge which 
sweeps through the entire nerve cell.” But granting for the purpose of analysis 
that the nerve cell, like the heart, conducts impulses in all directions, what are 
the implications? 

The first principle of the electrical theory of nerve impulse conduction, as 
outlined by Lillie (1923) and generally applied to the problem of synaptic trans- 
mission, holds that a difference of potential between two points sets up a local 
circulating current. The effect of this current is to break down the membrane 
and to initiate an impulse in the region where it emerges from the nerve fiber, 
the impulses travelling in both directions along the lines of current flow. For 
simplicity let us picture what may be expected to happen under these hypo- 
thetical conditions on a spherical nerve cell provided with a symmetrical arrange- 
ment of synapses, each one of which has a critical mmicnal area of excitation 
(see fig. 12). In each of these conditions only those boutons facing us need be 
considered. 
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1. Single synaptic discharges. If only one synapse be discharged (the one 
at the center of the concentric circles is chosen) an electrical disturbance would 
radiate in all directions along a circular wave front, due to radiating critical 
differences of potential. Such a disturbance is comparable to the circular wave 
set up by dropping a stone into still water. The impulse therefore would spread 
into the dendrites to the left as well as into the axon hillock at the right. Thus 
a single synaptic discharge would initiate a nerve impulse in the neuraxon when 
the radiating wave front approaches the axon hillock. 

2. Symmetrical multiple synaptic discharge. Three equally spaced concentric 
circles of synapses in our schema offer a convenient arrangement for considering 
hypothetical effects of simultaneous discharge of synapses located on the inner 
and outer circles. Garrey (1914) showed that two contractions started in 
opposite directions from a common point in a large circle of ventricular muscle 
canceled out on collision on the opposite side of the circle. Nerve impulses 
should cancel out in a like manner whenever they happen to meet. Returning 
to the electrical disturbances of our hypothetical nerve cell, we may picture two 
summed wave fronts approaching each other; a centrifugal wave front set up by 
the four synapses of the innermost circle and a centripetal wave front set up by 
the 13 synapses of the outermost circle. These waves should meet and exter- 
minate each other at the intermediate circle. As a consequence of such cancella- 
tion only one synapse out of the total of 17 would be effective toward setting up a 
nerve impulse, i.e., the strategically locateji synapse lying at the base of the axon 
hillock and the head of the neuraxon. The potential difference established by 
that synapse would be unopposed from the direction of the neuraxon. Conse- 
quently current would flow from the area of negativity established by that syn- 
apse in the inner circuit, out through the axon hillock, thus initiating a nerve 
impulse. Therefore, 16 out of the total of 17 synapses will have dissipated their 
electrical energy to no avail. Compared with the first hypothetical example 
in which only one synapse was activated, the efliciency is as 6 per cent is to 100 
per cent. 

3. Total synaptic discharge. Or take the extreme situation where all of the 
synapses covering the nerve cell discharge at precisely the same moment, as is 
the case when the afferent nerve trunk going to a sympathetic ganglion is stimu- 
lated by a maximal shock. Synaptic potentials being equally opposed in all 
directions preclude the possibility of local circuits excepting at the axon hillock 
where, as above, current emerges and initiates a nerve impulse. If this reasoning 
is correct, efl&ciency of “synaptic transmission” must vary inversely as the num- 
ber of synapses simultaneously activated and gradation of response to graded 
stimulation must be impossible. 

How then may the problem of nerve cell motivation be approached in con- 
formity TOth physiological observations? Primarily, we believe, by questioning 
the r61e of physiological conduction in the soma and predicating a capacity on 
the part of the nerve cell body to combiue individual local electrochemical 
activities into one common source of current, the intensity and effectiveness of 
which are determined by the number of synapses simultaneously active, i.e., by 
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“the total area of chemically active surface existing on the membrane. On the 
iDasis of these theoretical considerations one may legitimately ask in support of 
the humoro electrotonic theory, just as Erlanger did in support of the electro- 
clonic theory. If the potential of a nerve fiber suffices to span an inactive gap of 
approximately one millimeter would not the combined activity of hundreds of 
synapses be capable of generating sufficient current to stimulate the axon hillock 
across a comparable inactive cytoplasmic gap between the dendrites and axon 
hillock? This question assumes particular weight in \dew of the natural condi- 
tions favoring such an electrotonic current (Gesell, 1940a). 

It must also be asked how a critical timing mechanism can function in a Mauth- 
ner cell motivated by 100,000 impulses per second, arriving over 10,000 synapses 
via 12 varieties of fibers, each of which may carry impulses at individual fre- 
quencies. Now, if it be granted that 5 properly timed impulses suffice to 
detonate the neuron, in Eccles’ sense, the arrival of 100,000 impulses per second 
“would provide conditions for 20,000 detonations per second. Obviously this is 
above the capacity of response of neurons. 

The question then arises — ^by what mechanism can a nerve cell possibly react 
effectively to 100,000 stimuli per second in conformance vith the electroclonic 
theory? The neuron might conceivably go into a state of “fibrillation’^ were it 
to react like ventricular muscle to frequent stimulation. Assuming such a state 
of fibrillation to exist in the nerve cell the axon hillock might discharge at a 
relatively low frequency. The situation would be comparable to that demon- 
strated by Garrey (1914) in which a small block of ventricular muscle connected 
by a narrow bridge of muscle with the main fibrillating mass vdll beat in a rhyth- 
mic and co-ordinated manner. But such a mechanism in the nerve cell would 
be one of chance and not of discrete timing. Moreover it would be one of low 
efficiency, according to the experiments of Hooker and Kehar (1933) on the 
fibrillating ventricle. 

Many of the major difficulties encountered in the electroclonic theory are 
escaped in the electrotonic theory. Just as the hydroelectrical engineer simpli- 
fies his problem by dividing it into generation, transmission and motivation so 
may the function of the neuron be divided (see figs. 10, 11 and 12). The gen- 
erator of the nerve impulse consisting of the cell body and dendrites offers the 
necessary surface to accommodate the converging bombardment; the synapses 
ending on the cell body and dendrites liberating the highly electrogenic acetyl- 
choline thus function as electrochemical plates; the choline acetylase-cholin- 
esterase-anticholinesterase combination controls the production and destruction 
and the amount of surviving acetylcholine; the axon hillock interposes an electro- 
sensitive membrane in the path of the collective electrotonic current generated 
by the scattered synapses. At this membrane the electrical energy provided 
by the soma and dendrites is converted into rhythmical electrical discharges or 
nerve impulses. These impulses are transmitted by the neuraxon to the terminal 
S3mapse or end plate where motivation occurs. 

One of the difficulties of the electroclonic theorj^ was the contradiction between 
the alleged slovmess of destruction of acetylcholine and the extreme shortness 
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of the summation interval of electrical stimulation of the nerve cell (Eccles and 
Loren te de Xo). Be that as it may, it seemed to us that theory demanded a 
diametrically opposite stand. We therefore proposed in conformity with our 
theoiy of acid-humoro-electrotonic mediation that '‘Slowness of decay of the 
electrochemical activity of newly liberated acetylcholine should be an asset 
rather than a liability to nervous integration” (Fed. Meetings, 1942). This 
point of view is explamed with the aid of the schema illustrated in figure 9 and 
figures 10, 11, 12 and 13. 

In the monosynaptic cells (Bodian, 1937) possessing but a single large synapse 
(see fig. 10) it is assumed that sufficient acet^dcholine is liberated with a single 
shock to detonate® the axon hillock (see no. 1 of fig. 9). The resulting potential 



Fig. 8. Effects of frequency of stimulation of Hering’s nerve, all other factors remaining 
constant. Spirometer record of breathing, suspension record of contractions of facial 
muscles, chest intact, duration of stimulation one minute. Frequencies of stimulation 4, 8, 
15 and 80 per second respectively. Note that summation of stimulation was insufficient to 
activate the facial accessory muscles of respiration at the two lower frequencies of 
stimulation. 

difference between the synapse and the axon hillock detonates the hillock as 
soon as the threshold of stimulation is crossed (see horizontal line). The poten- 
tial falls toward subthreshold level as soon as the rate of hydrolysis of acetyl- 
choline overtakes the rate of its liberation. If the E.il.F. recrosses the thresh- 
old before the refractory period of the axon hillock has ended only one detonation 
per sjTiaptic discharge will occur, as illustrated b}" the axon hillock discharge. 

On the other hand, if the frequenc\^ of stimulation is increased the acet^dcholine 
is only partially destroyed between stimulations. The E.M.F. consequently 
remains at a higher level and the axon hillock detonates rhythmically at a higher 

3 Detonation is assumed to be confined to the axon hillock, not to include the cell body. 




Fig. 9. A schematic representation of the electrotonic mechanism of summation of synap- 
tic potentials. The amount of free electrogenic acetylcholine and the corresponding syn- 
aptic potential obtaining with each synaptic discharge is plotted on the ordinates as a com- 
mon curve against time on the abscissae. The threshold level of the electrotonic current 
producing detonation of the axon hillock is represented by a horizontal line above the 
abscissae. No. 1 represents the theoretical effects of infrequent and subsequent more 
frequent discharge of the large synapse of a monosynaptic cell. Comparison of the fre- 
quency of axon hillock discharge with the frequency of synaptic discharge shows that they 
correspond only with the low frequency of synaptic discharge. Nos. 2 to 9 show the effects 
of repetitive discharges of a synapse too small to detonate the axon hillock without the aid 
of temporal summation. Nos. 2 and 3 show the effects of frequency of synaptic discharges. 
When the rhythm of discharge is low the acetylcholine which is liberated with each discharge 
falls to the zero line between discharges. At 2B where the rhythm is increased each synap- 
tic discharge leaves an acetylcholine residuum. These slowly accumulate during the course 
of 17 synaptic discharges up to the threshold level where the axon hillock is detonated. 
At 3B a higher frequency of discharge leaves larger residua per discharge and threshold level 
is reached in 8 discharges. The combination of increasing residua and frequency of synaptic 
discharge shortens the latent period of detonation of the axon hillock to approximately 25 
per cent of that of 2B. Nos. 4 and 5 show the effects of retardation of hydrolysis of acetyl- 
choline, frequency of stimulation remaining constant. Moderately increased anticholin- 
esterase activity introduced at ,4B leaves acetylcholine residua which reach threshold level 
in 17 impulses. Stronger anticholinesterase activity introduced at 5B leaves larger residua. 
The axon hillock is discharged by 8 instead of 17 impulses. A combination of increased 
frequency of impulses and anticholinesterase activity in 6 leads to more rapid summation 
and a greatly decreased latent period of axon hillock detonation. Nos. 7, 8 and 9 show the 
effects of size of synapse, frequency of impulses and anticholinesterase activity remaining 
constant. The larger the synapse the greater the acetylcholine residua betw^een impulses 
and the steeper the acetylcholine gradient and the shorter the latent period of axon hillock 
detonation. Detonation is reached in 9, 5 and 3 impulses with the small , medium and large 
synapses respectively. (Exhibited as a demonstration at the meetings of the Federation of 
American Societies for Experimental Biology, 1942.) 
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frequency which is related to the intensity of the electrotonic current so gener- 
ated. As illustrated in our schema the frequency of response is out of phase with 
the frequency of stimulation. 

Z CIRCULATING CURRENTS WHICH STIMULATE 
AT THE OUTFLOW POINTS B a B) 

THEORETICAL ACTIVATION 






Fig. 10. The electrical circuit of a monosynaptic nerve cell as postulated by the electro- 
tonic theory of nerve cell motivation. The nerve impulses are generated by the stationary 
electrical circuit shown emerging at the axon hillock. They are propagated by the advanc- 
ing electrical circuit shown emerging at the internodea according to the theory of Lillie. 

Fig. 11. The double electrical circuit of a monosynaptic muscle fiber as postulated by the 
electrotonic theory of motor end plate stimulation of muscle (Gesell, Mason and Brassfield, 
1944) . A continuing electrotonic current set up by exogenous acetylcholine at the end plates 
(see figs. ID and E) sets up a prolonged tetanic contraction. On removal of the muscle 
from the acetylcholine environment the muscle continues to contract with weakening in- 
tensity comparable to the after-discharge of nerve cells to synaptic bombardment. 

Fig. 12. A schematic symmetrical nerve cell illustrating the three functional divisions 
of a neuron: the generator which includes the cell body, dendrites, synapses and axon hil- 
lock ; the conductor or neuraxon extending between the axon hillock and terminal plate; and 
the motivator or the terminal plate ending either on a nerve cell or end organ proper. The 
synapses are arranged concentrically to permit an analysis of the pros and cons of the elec- 
troclonic and electrotonic theories of nerve cell function (see text for explanation). 

In a multi-synaptic nerve cell in which individual synapses are small, detona- 
tion theoretically occurs only through the intervention of either temporal or 
spatial sum m ation or of both. The most obvious factors affecting the degree 
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Fig. 13. Schema showing the arrangement of synapses as postulated in the concepts of 
dual excitatory stimulation of sensory aiferents and reciprocal inhibition. Respiratory 
proprioceptive afferents of the vagus and superior laryngeal nerves have a larger number of 
terminal synapses ending on the neurons of the expiratory half -center. Chemoceptor 
afferents have a larger termination on the neurons of the inspiratory half-center. Noci- 
ceptors of sensory cutaneous nerves have a more balanced termination. These three groups 
of afferents impinge on the excitatory poles of both inspiratory and expiratory neurons. 
The reciprocating collaterals impinge on the inhibitory poles of both inspiratory and ex- 
piratory neurons. Afferent bombardment of the excitatory poles by the jproprio, chemo 
and noci-ceptors increases the stimulating electrotonic current and bombardment of the 
inhibitory poles by the reciprocating collaterals opposes and therefore diminishes it. The 
afferent fibers tend to drive both half-centers simultaneously. Co-ordinated rhythmic 
breathing, however, results from the rhythmic alternating activity of the expiratory and 
inspiratory reciprocating collaterals which alternately release and oppose the electrotonic 
currents in the inspiratory ' and expiratory neurons. When exogenous acetylcholine is 
injected into the vertebral artery it reaches all synapses, excitatory and inhibitory. Both 
excitation and inhibition are intensified and breathing remains co-ordinated. 

of temporal summation are frequency of synaptic bombardment, speed of de- 
struction of liberated acetylcholine ^d size of the synapse (see fig. 9). Nos, 2 
and 3 illustrate the influence of frequency of stimulation, nos. 4, 5 and 6 the 
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influence of the speed of destruction, and nos, 7, 8 and 9 the influence of the area 
of the synapse. 

Liberation and destruction of acetylcholine and the corresponding changes in 
E.M,F. are represented by rising and falling gradients respectively for each 
synaptic discharge. For simplicity of analysis the speed of liberation of free 
acetylcholine is assumed to be instantaneous, and is so indicated by a vertically 
rising gradient.^ The speed of destruction of acetylcholine is a highly variable 
factor and is represented by its down gradient as a slower process. 

When stimulation of a nerve cell through a synapse is infrequent sufl&cient time 
elapses between synaptic discharges to allow complete destruction of the liberated 
acetylcholine. Such conditions are repi-esented in the three initial discharges 
of no, 2. When, however, the frequency of discharge is increased at B the time 
between discharges is no longer sufficient to allow complete destruction, and one 
residuum of acetylcholine adds to another over the prolonged summed gradient 
The electrotonic current rises in steps until it crosses the threshold level when 
detonation of the axon hillock is assumed to occur. If now the frequency of 
synaptic discharge is still further increased, as shown in no. 3, the individual 
residua of acetylcholine become greater, the steps become steeper and the thresh- 
old is crossed in the course of 8 discharges, as compared with 17 in no. 2. This, 
we believe, is the basic mechanism explaining the greater effectiveness of frequent 
stimulation common to spinal and mspimtory reflexes illustrated above in 
figure 8. 

A retardation of hydrolysis of free acetylcholine through increased anticholin- 
esterase activity should theoretically have the same effects on stimulation as does 
an increase of frequency of synaptic bombardment. The mechanism by which 
this result is believed to be attained is schematized in no. 4. A relatively small 
retardation of hydrolysis of acetylcholine following each synaptic discharge is 
represented by a diminished down slope beginning at B where carbon dioxide or 
eserine is assumed to be administered. Acetylcholine residua build up to thresh- 
old value as noted above with increasing frequency of stimulation. In no. 5 
where the anticholinesterase activity is assumed to be greater than in no, 4 the 
detonation threshold of acetylcholine is reached wdthin a shorter period of time, 
i,e., within 8 synaptic discharges as compared with 17 in no. 4. Obviously a 
combination pf increased frequency of synaptic bombardment plus increased 
anticholinesterase activity should be more effective than either alone (see no. 6). 

As implied above, the amount of acetylcholine liberated and the amount of 
electrotonic current generated varies with the area of the synapse. Thus the 
acetylcholine residuum obtaining at a given moment after synaptic discharge 
must increase with the size of the synapse and thereby greatly modify the speed 
of summation. The effects of synaptic area are shown in nos. 7, 8 and 9. In 
no. 7 where the area is small and summation slow, detonation of the axon hillock 
is shown to occur within 8 synaptic discharges; in no, 8 where the area is of 

^ It should be remembered in this connection, however, that Brown and Eccles (1934) 
have shown that acetylcholine liberated by vagH inhibition of the heart begins to be de- 
stroyed as soon as it is liberated. 
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medium size, detonation is seen to occur within 3+ synaptic discharges; in no. 9 
where the area is still greater only two synaptic discharges are required to det- 
onate the axon hillock. 

Our emphasis on the r61e of synaptic area, an anatomical and physiological 
extension of the views of Lillie, is beautifully supported by the drawings of Bodian 
showing basket-like systems of 10 or more knob and club-like endings all derived 
from a single large axon arranged about an ocular motoneuron. Surely each 
S3maptic discharge in such a group of endings must surmnate simultaneously and 
be equivalent to the elBfects of a discharge of a correspondingly large monosynap- 
tic ending. At least it is diiSBcult to see how this arrangement accommodates 
itself to synaptic scales and to impulse conduction by the soma as required by 
the electroclonic theory. 

It is highly improbable that even repetitive activity of single synapses in 
neurons abundantly provided with synapses (anterior horn cells and Mauthner’s 
cell, for example) could detonate the axon hillock. In accordance with the 
electrotonic theory local subliminal potentials become efifective only through the 
process of spatial summations of scattered subliminal summations of individual 
synapses, since the theory presupposes that electrochemical activities, regardless 
of their area of scattering, add their quotas to the common excitatory current. 
The electroclonic theory, on the other hand, has denied summation of impulses 
arriving at separate dendrites; only those impulses properly grouped as to time 
and location become effective (Eccles and Lorente de No). 

The concept of temporal and spatial summation of scattered asynchronous 
electrical* activities into an electrotonic current have been helpful in our hands 
in explaining many neurophysiological observations (Gesell, 1939, 1940a, b, c; 
GeseU, Lapides and Levin, 1940; Gesell, Atkinson and Brown, 1941; Gesell and 
Moyer, 1941; 1942; Gesell and Worzniak, 1941; Gesell and Hamdlton, 1941; 
Gesell, 1941; Gesell, Brassfield and Hamilton, 1941, 1942; Gesell, Bra^field, 
Hansen and Mason, 1942; Gesell, Moyer and McKittrick, 1942; Gesell, Hansen 
and Worzniak, 1943 ; Gesell and Hansen, 1943 ; Gesell and Atkinson, 1943). The 
validity of our interpretations has been strongly supported by the recent direct 
observations of Eccles (1943) on synaptic potentials of the stellate ganglion in 
which “synaptic transmission” is blocked or partially blocked by curare. He 
places one electrode at the pole of the ganglion and the other at the cut ends of the 
cardiac nerves. In our opinion this arrangement registers the electrotonic 
current described in the communications of Gesell (1939, 1940a). 

Eccles (1943) finds “With repetitive stimulation at very low ratios (5 sec. or 
less) each successive synaptic potential is practically independent of the pre- 
ceding. It is superimposed upon a negligible residuum of the preceding poten- 
tials and its size and time course differ but little from the initial single response.” 
. . . “With moderate rates of stimulation (28 per sec.) there is a stepped rise to a 
wavy plateau, which is well maintained even during several seconds' stimulation. 
The plateau is attained earlier and is higher, the faster the stimulus frequency.” 
. . . “With still higher rates of stimulation (84 to 140 per sec.) the plateau is still 
higher and shows little or no sign of undulations corresponding to the stimulus 
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frequency.’’ . . . '‘When the summated synaptic potential resulting from presynap- 
tic stimulation is sufficiently large, after-discharges occur, and these are pro- 
longed and intensified by the use of physostigmine” (Eccles, in press, cited by 
Lloyd, 1944). As a result of these recent experiments Eccles now abandons the 
so-called "detonator response” and concludes, "With curarized ganglia there 
would appear to be no doubt that the synaptic potential is entirely responsible 
for synaptic transmission that occurs on account of the summation of successive 
volleys.” A close comparison of results and figures of Eccles with our schema 
and our experimental results will show a most remarkable correspondence. 

It should be remembered that artificial stimulation as employed by Eccles 
leads to synchronized volleys of bombardment which accounts for the step-like 
rise of the synaptic potential. In the experiments of Barron and Matthews 
(1938) slow potentials of the ventral roots were found to increase progressively 
in a non-step-like fashion during a gradually increasing pressure on the toes. 
This, no doubt, is due to the fact that the bombardment which such stimulation 
produces is of an asynchronous nature. Barron and Matthew:s find that these 
"slow potentials in the ventral roots alwrays precede any discharge of impulses 
and the frequency of impulse is related to the level and rise of the potential.” 
This accords perfectly with our concept of electrotonic motivation of nerve 
cells. 

Added background for electrotonic motivation of nerve cells is found in the 
rhythmic response of other physiological structures to uniform conditions — ^the 
rhythmic response of 'Sitella to a droplet of chloroform placed on its membrane 
(Osterhout and Smith) ; the rhythmic response of cardiac muscle to a uniform 
flow of current; the closing tetanus of Pfluger; the rhythmic response of nerve 
fiber to its current of injury (Adrian); and the rhythmic activity of sensory re- 
ceptors (Adrian). 

Inhibition, There are reasons for believing that the respiratory center is 
driven by several varieties of dual excitatory afferents each of which bombards 
the inspiratory and expiratory half-centers simultaneously (Gesell, 1940a) . The 
proportion of the drives which they provide is thought to vary with the type of 
sensory fibers, as schematized in figure 13 for the chemoceptive, sensory cuta- 
neous and vagal afferents. The relative dominance of the inspiratory bombard- 
ment by chemoceptive afferents is seen in the prolongation of the inspiratory 
contraction and the absence of after-reinforcement of the expiratory contraction 
produced by electrical stimulation of Hering’s nerve m figure lA (see also figs. 
6A and 8). (Strong stimulation, however, adds appreciably to the expiratory 
component as is seen in fig. 3.) The powerful dominance of expiratory bom- 
bardment is seen in the sustained expiratory contraction produced by electrical 
stimulation of the superior laryngeal nerve in figure 7; the vagus nerve pro- 
duces similar effects. 

Balanced heterogeneous bombardment, such as occurs under physiological 
conditions, even though driving both half-centers simultaneously results in an 
alternating co-ordinated activity due to an alternating inhibition. When an 
imbalance of normal bombardment is created by stimulation of predominantly 
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inspiratory or expiratory afiferents, either half-center may be held in excessive 
abeyance. In figure lA, for example, the expiratory half-center is held in abey- 
ance during the entire period of stimulation of Hering's nerve, and in figure 7 the 
inspiratory half-center is inhibited during the period of stimulation of the superior 
laryngeal nerve. 

It has been held by many authors that vagal stimulation checks the inspira- 
tory act by a direct reflex inhibition. In a like manner it could be reasoned that 
the inhibition of the expiratory act occurring during the stimulation of Hering’s 
nerve in figure lA is also produced by a direct reflex inhibition. Such a stand, 
however, seems imtenable, not that the existence of direct inhibition is denied, 
because undoubted reflex inhibition does occur when the carotid sinus afferents 
are stimulated by inflation of the sinus. The evidence for this conclusion lies 
in the fact that both inspiratory and expiratory contractions are simultaneously 
weakened. Since excessive inhibition of reciprocal origin demands concurrent 
excessive activity of the opposmg half-centers, reciprocal inhibition is excluded. 
It would, however, be unjustified to draw the inference that direct inhibition is a 
common physiological occurrence. Unfortunately most of the inhibition which 
has been studied in spinal animals is associated with a simultaneous increase of 
nervous activity in some portion of the cord, e.g., when a contralateral flexion 
reflex is inhibited by a homolateral reflex. This inhibition could represent a 
coupled reciprocal inhibition. 

The phenomenon of inhibition is more readily studied in the nervous co-ntrol 
of breathing where the specialization of sensory ner\^es comes to our aid. Ex- 
periments in Ihis field have brought us to the opinion that the inhibition of in- 
spiration produced by stimulation of the vagus nerve is a reciprocal process 
between half-centers resulting from excessive excitation of the expiratory half- 
center. The inhibition of expiration occurring during stimulation of Bering’s 
nerve may be regarded as a similar process. The reciprocal nature of inhibition 
is supported by the co-ordinated breathing produced by a crude shapeless chem- 
ical stimulation of the center, resulting from injection of acetylcholine into the 
vertebral artery. Co-ordinated breathing can occur only through the mediation 
of a co-ordinated inhibition. Since such an injection possesses no power of 
selective alternate inhibition of half-centers the co-ordinated breathing which 
occurs strongly implies the importance of reciprocating inhibitory fibers in the 
central architecture of half-centers. It is this reciprocating mechanism which is 
thought to switch a continuing simultaneous bilateral drive from one half-center 
to another. Furthermore these observations tend to minimize the importance 
of direct reflex inhibition originating in peripheral receptors, a view in full accord 
with Weiss’ (1941) concept of automaticity of motor centers. 

One point seems reasonably certain — ^both stimulation and inhibition should 
be either electroclonic or electrotonic in nature. We, therefore, believe that the 
preponderance of evidence in favor of electrotonic motivation precludes the prob- 
ability of electroclonic mechanisms of inhibition. 

In the theory of inhibition suggested by Barron and Matthews (1938) nerve 
impulses are assumed to suffer block produced by slow potential changes elec- 
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trotonically transmitted in the cord. This theory is criticized by Eccles (1939) 
on the improbability of chance anatomical relationships producing a co-ordi- 
nated inhibition. 

Marrazzi’s (1939) theory of dual humoral mediation suggests that one humor 
stimulates and the other inhibits. This chemical neutralizing mechanism has 
been objected to by Fulton (1943) on the score that no humoral inhibitory 
‘^agent has been foimd; nor is there any evidence for two kinds of fibers, the 
excitatory and inhibitory, nor for two types of endings of one t3rpe of fiber.” 
We, on the other hand, would be inclined to question the theory on the score of 
economy of energy and performance and the fact that a single humor (acetyl- 
choline) injected into the respiratory center produces highly co-ordinated rhyth- 
mical contractions involving both activation and inhibition. The theoretical 
advantage of mediation by a single humor is that the motivating power persists 
m both half-centers and is continually available, like steam pressure or E.M.F., 
ready to be switched at any moment to the axon hillock of either inspiratory or 
expiratory cells. On the other hand, if two humors were employed, one acti- 
vating and the other inhibiting, time and energy would be required to rebuild 
the two processes, activation and inhibition, from zero level mth each periodic 
cycle of each half-center. 

In our electrotonic mechanism activation and inhibition are viewed as ba- 
sically similar phenomena — activation being associated with an increasing and 
inhibition with a decreasing intensity of the electrotonic current. Thus iden- 
tically similar synapses when strategically placed in the proximity of the axon 
hillock instead of at the dendrites must theoretically work to create a reduction 
of the electrotonic current, i.e., inhibition (see fig. 13). This mechanism differs 
from that of Barron and Matthews (1938) in that it controls the generation and 
not the conduction of impulses. It is the only theory of inhibition, so far as we 
know, supported by anatomical evidence. In fact it had its origin in the striking 
arrangement of the synapses and nerve fibers about the axon hillock of Mauth- 
ner’s cell. It was this peculiar structure that suggested to the neurohistologists 
that the dendritic and neuraxon ends of the nerve cell have opposing functions. 
To the physiologists and physicists the arrangement of the boutons in Mauth- 
ner*s cell have the earmarks of a simple arrangement for adjusting potential 
drop which may well demand attention in an otherwise barren outlook in the 
solution of the nature of inhibition. 

The relation of acid-humoral mediation to the problem of inhibition is most 
pertinent. Granting that central nervous integration is a monohumoral phe- 
nomenon and that acetylcholine mediates inhibition as well as activation of 
nerve cells, it follows that both processes would be intensified by an increase of 
free acetylcholine at the activating and inhibiting poles of the neurons. This 
seems to hold for an increased liberation of endogenous acetylcholine produced 
by stimulation of Bering’s nerve and for administration of exogenous acetyl- 
choline via the vertebral artery. Therefore an increased accumulation of acetyl- 
choline resulting from the anticholinesterase activity of carbon dioxide should 
also intensify both processes of activation and inhibition as it seems to do in a 
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coordinated way in hypercapnic hyperpnea. There is no contradiction in the 
equal potentiation of activation and inhibition by carbon dioxide since these 
processes should alternate in perfect co-ordination. In fact the theory of in- 
tegration of half-centers would seem to demand a double potentiation. 

The evolution of humoral intermediation. The exceptional correlation of the 
cholinesterase content and the voltage delivered by the electrical organ of fishes 
(Nachmansohn, Cox, Coates and Machado, 1942) seems almost prima facie 
evidence for cholinergic integration where acetylcholine and cholinesterase are 
found to occur. The gastropods and cephalopods thus register the use of chol- 
inergic mechanisms for hundreds of millions of years. While the stage at which 
humoral mediation appears in the evolutionary scale must be regarded as un- 
certain, an enquiry into the circumstances leading to its development is never- 
theless of greatest interest. 

The absolute need of free energy is without doubt the first requirement of life. 
Of the many factors evolved to meet these requirements two in particular are 
pertinent to our problem: 1, the increase of cH which results from either an 
increase of activity or decrease of supply of oxygen; 2, the potentiating action 
of cH on the integrating function of acetylchoHne. It is conceivable that prop- 
erly combined these two factors might force the organism to automatically seek 
the necessary energy for life. 

Respiration thus assumes a most significant r61e in the development of nervous 
integration. In such forms as the squid, motor activity and breathing are 
inextricably knit together. Locomotion is increased only wdth an accompanying 
increase of breathing since the water which propels the animal is jetted past the 
gills as it escapes the mantle cavity. Much the same arrangement exists in the 
mackerel which is without the power of opercular respiration (&ogh, 1940). 
This fish swims and breathes with its tail and is by this contingency forced to 
move incessantly through the water. It pursues its oxygen as it pursues its 
prey. The faster its prey, the greater is its supply of oxygen as the water rush^ 
with increasing volume past its gills. 

In fishes so constructed intimate intermeshing of movement and breathing 
presumably demand equal sensitivity of the upper and lower levels of the central 
grey axis stem to cH. But in those fishes which employ opercular breathiug 
and are capable of meeting their respiratory requirements without locomotion, 
the need for this equal sensitivity no longer exists; in fact it might actually work 
to a disadvantage. The differences in sensitivity of higher and lower levels of 
the mammalian central nervous system established by numerous authors may, 
therefore, be looked upon as an evolutionary adaptation avoiding a general ex- 
cessive motor activity during respiratory stress when actually it is only the aug- 
mented breathing which the emergency demands. It is interesting to enquire 
w^hether the differences in concentration of carbonic anhydrase in the central 
nervous system (Ashby, 1944) are in anyway related to the differences in sensi- 
tivity to cH. 

The great asset of humoral mediation is its adaptability to evolutionary re- 
quirements. Summation and after-discharge, the key phenomena of cholinergic 
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terminals, are correspondingly developed in varying degrees in the central 
nervous system, in striated and smooth muscle, in the heart and secretory glands. 
Where summation and after-discharge serve to advantage they are found to be 
accentuated and where they would tend to interfere they are found to be 
repressed. 

Obviously a marked extension of after-discharge at the motor end plates of 
rhythmically contracting respiratory and locomotor muscles would seriously 
interfere with refined co-ordination and efficient use of mechanical energy by 
promoting simultaneous contractions in opposing muscles. Prolonged after- 
discharge in the gut, however, is not beset with the same dangers. 

On the other hand, after-discharge becomes the keystone of integration in the 
centers, through the mechanisms of reciprocal inhibition as set forth above and 
in figure 13 (see also Gesell, 1940a). 

Still another but entirely different type of adaptation of humoral mediation 
is seen in ihe extremely high voltages generated by the electrical fishes. Here the 
terminal end plates of the electrical organs are enlarged and arranged in series. 
Tremendous amounts of acetylcholine are alternately liberated and broken down. 
High concentrations of cholinesterase accomplish the latter (Nachmansohn, 
Cox, Coates and Machado, 1942) and high concentrations of acetylcholin- 
acetylase newly discovered by Nachmansohn and Machado (1943) might pos- 
sibly accomplish the former. 

The application of cholinergic physiology to aviation. Man has never been 
consistently subjected to prolonged rigors of oxygen stress. In choosing to live 
in the comforts of oxygen plenty he has denied evolutionary forces and is now 
paying the price of maladjustment to high altitudes in the modem biological 
requirements of combative and commercial aviation. The chemoceptors, 
inherited from the fishes, give evidence of rendering valuable service at low or 
uniform altitudes, but at high altitudes or rapid ascents they play havoc with 
the body as a whole. Strange as it may seem, their extreme sensitivity to oxygen 
and the hyperventilation which they produce appear to be the cause of man’s 
maladjustment. While they function to maintain the needed supply of oxygen 
they rob the body of its physiological stores of acid. The ground for this belief 
is firm. Even an anesthetized dog, whose nervous integration is relatively 
insensitive, when subjected to a 7 per cent oxygen mixture not only maintains 
his usual rate of oxidation but increases it considerably above normal (Gesell, 
Kmeger, Nicholson, Brassfield and Pelecovich, 1932). Hyperventilation sweeps 
out the carbon dioxide in great amounts as witnessed by the marked increase of 
the “expiratory quotient.” Computations show clearly that the body as a 
whole has turned more alkaline. Studies on respiratory reflexes yield similar 
conclusions (Gesell, Lapides and Levin, 1940). Under ordinary circumstances 
removal of chemoceptor support by bilateral Hering’s nerve block after bilateral 
vagotomy produces only a slight reduction in puhnonary ventilation. The same 
procedure during hypo-oxic hyperpnea,however,may stop breathing completely. 
With decreased anticholinesterase activity, i.e., low cH extra chemoceptor 
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bombardment alone is no longer adequate to drive the respiratory center. Like 
the individual who forcibly overventilates his limgs and robs his tissues of anti- 
cholinesterase activity and swoons with dizriness, the aviator who automatically 
controls his breathing at high altitudes becomes confused and mentally in- 
efficient. The marked reduction of the acetylcholine content of the brain re- 
sulting from h 3 rpo-oxia (Welsh, 1943) may be of significance in this respect. 

Evidence points to a cholinergic imbalance. This view rests heavily upon the 
important concepts of von Euler, Liljestrand and Zotterman (1941) on the nature 
of the carotid bodies. These ganglionic structures, hi^y sensitive to nicotine 
and acetylcholine seem to act as cholinergic outposts of the central nervous 
system for the control of breathing. The convincing evidence of Bemthal and 
of Winder that cH is the normal moderator of chemoceptor activity during 
hypercapnia, ischemia, h 3 q)o-oxia, C3ranide poisoning and hyperthermia provide 
the second requirement for the concept of cholinergic imbalance (see Bemthai’s 
review, 1944). 

What practical approach to aviation does this concept surest? Beneficial 
effects of administration of acid during hypo-oxia were enumerated above. As 
su^ested by several authors the improvements are not confined solely to the 
increased supply of oxygen entailed in the correction of the acid-base equilibrium. 
The salutary effects resulting from this correction are due, we believe, to the 
improvement of acid-humoral intermediation in the central nervous system. 
Judging by the surprisingly high tolerance of tissue oxidations to cH .changes 
(Canzanelli, Greenblatt, Rogers and Rapport, 1939) the rdatively minor sup- 
pression of oxidations produced by an increase of cH is probably outweighed 
by the accompanying improvements of nervous integration. 

Physostigmine, prostigmine and other anticholinesterases might possibly 
insure a normal brain efficiency at hi^ altitudes in several ways: 1, by virtue 
of their direct anticholinesterase activity they might coimteract the effects of 
the lowering of cH on the brain; 2, by virtue of the increase of cH which physos- 
tigmine produces (Brassfield, Hansen and Gesell, unpublished results) tiiey would 
counteract the expected acid-base disturbance per se; 3, by virtue of the increased 
breathing they produce they would tend to correct extreme oxygen shortages.® 
It is also conceivable that a studied diet might be helpful. Addition of sugars 
to perfusing solutions is known to increase the production of acetylcholine and 
to improve the function of ganglion cells (Kahlson and Maclntodi, 1939). The 
invigorating effects of candy on mental as well as physical exercise are common 
experience. Potentiating effects of adrenalin on cholinergic mediation have been 
described*by Bulbring and Bum (1942-43). Perhaps the administration of 
choKne acetylase might foster the synthesis of acetylcholine, particularly if the 
building stones of acetylcholme were made more available. The application of 

® It should be borne in mind, however, that a central imbalance resulting from the ad- 
ministration of physostigmine in which one half -center becomes more active than the other 
could embarrass breathing and thereby do harm instead of good (see Gesell and Hansen, 
1943 ). 
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cholinergic physiology to the problems of aviation may possibly lead to gratify- 
ing results not only in protecting individuals at high altitudes but in raising the 
ceiling of aviation as well. 

Hypertension and other nervous disorders. Four general corrective measures 
call for attention in all forms of cholinergic disturbances: 1, physiological ad- 
justment of the liberation of acetylcholine by controlling the volume of synaptic 
bombardment; 2, chemical adjustment of the amount of acetylcholine liberated 
by individual synaptic discharges by use of choline acetylase and by control of 
availability of sugars, etc.; 3, adjustment of the rate of hydrolysis of acetyl- 
choline by control of the acid-base equilibrium by administration of cholin- 
esterase and anticholinesterases and by control of the amount of acid formed; 4, 
adjustment of excitability of the axon hillock to prevailing cholinergic electro- 
tonic currents by sedatives, atropin, etc. 

Since certain aspects of hypertension may be the result of over-bombardment 
and over-accumulation of acetylcholine at the vasoconstrictor center its cor- 
rection would differ from that of high altitude disturbances. Tentative pro- 
cedures might include: 1, a reduction of physiological bombardment such as 
accomplished by volitional control of emotion and activity; 2, a chemical re- 
duction of bombardment with the use of sedatives; 3, a reduction of the forma- 
tion of metabolic acids; 4, an alkaline diet; 5, a reduction of the availability of 
sugars; 6, cholinesterase; 7, drugs to lower the excitability of the axon hillock. 

A differential reduction of cholinergic activity favoring the constrictor center 
and avoiding excessive impairment of cortical and other centers may prove to be 
a serious difficulty; nevertheless the great importance of hypertension and other 
neuropathological problems now call for a systematic application of the known 
principles of cholinergic physiology. Until these principles are more firmly 
established, empirical combinations of procedures 1 to 7 may also be in order. 

SUMMARY AND CONCLUSIONS 

1. The primary premise underlying the humoro-electrotonic theory of media- 
tion is that acetylcholine is highly elfectrogenic at its site of liberation. 

2. Synaptic potentials created by the liberation of acetylcholine in synaptic 
bombardment of a nerve cell body and its dendrites add their effects one to 
another and generate a common electrotonic current which flows from the den- 
drites to the axon hillock in the internal circuit and out through the axon hillock 
membrane back to the dendrites in the external circuit. 

3. The membrane of the axon hillock is detonated at the site of em^gence of 
the electrotonic current at a rhythm proportional to the intensity of the current. 

4. The intensity of the current varies with the area of synaptic activity and 
the sum total of free electrogenic acetylcholine. 

5. By virtue of the anticholinesterase activity of acid, physiological changes 
of cH create parallel changes in the sum total of free acetylcholine driving the 
nerve cells. Synaptic bombardment remaining constant, the acetylcholine 
pools attain higher or lower levels of concentration with increasing and decreas- 
ing cH, thus generating stronger or weaker electrotonic currents of proportional 
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motivating power. The greater summation and after-discharge produced by 
faradic stimulation of Hering’s nerve during hypercapnia and the lesser effects 
during hypocapnia uphold this view. Observations collected from the older 
literature and from the recent experiments of Eccles add strong support. 

6. The conclusion therefore seems warranted that carbon dioxide does not 
stimulate the respiratory center, but indirectly determines the effectiveness of 
prevailing synaptic bombardment. 

7. It is proposed that acid-humoral mediation is the basic mechanism about 
which the details of the control of breathiag were built. 

8. As judged by evolutionary evidence acid-humoral mediation is a primitive 
mechanism of long standing whose development served to meet the needs of a 
continuing supply of energy. 

9. The occurrence of acid-humoral mediation throughout the central nervous 
system and peripheral cholinergic systems in higher forms evidences a general 
retention of a mechanism originally designed for the primary purpose of pro- 
viding energy. 

10. Survival of the acid-humoral mechanism is thought to impress certain 
basic characteristics of nervous integration throughout the central nervous 
system. 

11. Of these characteristics, electrotonic mediation is regarded as the most 
significant. 

12. Summation of stimuli, after-discharge, intimately connected half- 
centers, dual excitatory afferents, reciprocal inhibition and precedence of stimu- 
lation would seem to be a natural outgrowth of humoro-electrotonic mediation, 
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Since our paper has gone to press, V. M. Garasenko’s interesting experiments 
on “The Use of Carbon Dioxide at Lowered Barometric Pressures” reviewed in 
Am. Rev. of Soviet Medicine, 2 :(2) 119-125, 1944 have come to our attention. 
During flights at altitudes exceeding 10,000 meters above sea level, the partial 
pressure of O 2 and CO 2 in the alveolar air of fliers is decreased despite the use of 
oxygen equipment. Experiments have shown that the addition of 6 to 5.5% 
CO 2 assures vital activity even when the partial pressure of oxygen in alveolar 
air was only 30 mm Hg. 

It was also found that the feeling of “well-being” and capacity to perform work 
at high altitudes was increased when the CO 2 was added to the O 2 - The percent- 
age of CO 2 should be progressively increased with the decrease in barometric 
pressure reaching 15-16% at 120 mm Hg. 

The experiments of Garasenko support our contention that a controlled con- 
tent of carbon dioxide in the tissues is as important to nervous function as is a 
controlled supply of oxygen. 
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The purpose of this investigation has been twofold. First, we have attempted 
to develop a technique whereby the exchange of radio-kr 3 ?pton and other inert 
gases may be accurately studied in dogs. Many experimental procedures are 
possible with animals which would not be possible with humans. Second, we 
have undertaken to study the effect of various factors on the uptake of gas. 

Methods: The dogs were anesthetised by nembutal, given intravenously to 
approximately the same degree of anesthesia. A tube was inserted in the trachea 
and rendered air-tight by inflating a rubber cuff. It was then connected to the 
metabolor containing the gas-oxygen mixture. The rate of gas uptake was then 
measured by means of a Geiger counter placed in contact with the right hind foot, 
both enclosed in a lead-walled chamber. The concentration of the gas-oxygen 
mixture was maintained at a constant level. The counting method was that 
which is standard for the use of radioactive gases.^ Each run was continued for 
twenty minutes or longer (1, 2, 3). 

Normal index values. As a criterion of gas uptake by the animal we used the 
“index^’ developed in the laboratory during the past three years. It consists of 
drawing a curve through the points obtained by plotting counts per minute 
against time, and taking the ratio of the number of counts at seven minutes to 
the number of counts at fourteen minutes. The reproducibility is as close as can 
be reasonably expected in mammalian experimentation. In tables 1, 2 and 3 are 
shown five normal indices obtained with each of seven dogs. The mean standard 
deviation equals 1.17 and the mean standard error equals 0.51. (The ‘‘probable 
error’^ equals 0.67 X 0.51 or 0.34.) One is, therefore, justified in ascribing 
significance to index differences in excess of three times the standard error, or 
greater than 1.5 index units. These data have also been treated by means of 
Fisher’s Analysis of Variance. It w’-as demonstrable that the mean dog values 
w^ere definitely too highly significant with reference to individual variation of 
measurement. (The functions lay betw’^een the 1 per cent and the 0.1 per cent 
probability levels.) However, in order to err, if at all, on the side of conserva- 
tism, w^e. have doubled this value and have not regarded any induced change in 
index value as valid unless it differs from the normal mean by at least three 

^ The work described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research between the Office of Scientific Research and Development and 
the University of California. 

2 The technique involved in the biological application of radioactive rare gases 
has hitherto been confidential. Papers are, however, being submitted for publication by 
this laboratory at the present time. Several are now in press (1, 2, 3). 
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points. Within these limits the so-called 7/14 index appears to be a wholly 
valid and reliable guide to both differences between individual animals and to 
variations in the same animals when the experimental conditions are varied. 

Variation of the normal index by experimental procedure. Since the rate of gas 
uptake in its early stages is generally considered to be determined largely by 
the cardio-vascular condition of the animal, om* efforts have been directed 
mainly toward altering this factor. Various physical effects were first observed 
with results as shown in table 2. When the animal is infused with large quanti- 
ties of normal saline there is a temporary increase in the volume of intercellular 
fluid. This increases the total amount of fluid which must be saturated with the 


TABLE 1 


I ; 

11 

ni 

IV 

V 

VI 

VII 

71.1 

65.8 

66.6 

68.8 

66.4 

63.7 

63.7 

68.7 

67.2 

64.3 

69.5 

66.3 

63.6 

62.5 

71.9 

64.4 

63.1 

70.3 

66.6 

64.0 

64.3 

69.3 

66.6 

64.5 

68.0 

68.6 

63.7 

61.0 

68.3 

63.4 

62,4 

70.0 

65.7 

63.9 

61.4 

Mean 69.8 

65.4 ! 

64.2 

69.3 

66.7 

63.7 

62.5 

s.d. ±1.40 

±1.39 

±2.96 

±0.69 

±0.97 

±0.03 ! 

±1.63 

se.e. ±0.60 

±0.59 

±0.92 

±0.30 1 

±0.43 

±0.01 

±0.73 


TABLE 2 


TREATMENT 

NORMAL INDEX 

EXPERIMENTAL 

INDEX 

PER CENT 
CHANGES 

Hydration 




1 liter saline, intra v. after 1 hr — 

64.3 

57.2 

-11.0 

1 liter saline, intra v. after 1 hr 

69.6 

62.2 

-11.0 

1 liter saline, intra v. after 1 hr 

69.9 

62.6 

-10.4 

Temperature 




Whole body heated 

69.5 

72.7 

+4.60 

Foot in counter heated 

64.3 

72.0 

+12.0 

Body chilled (shivering) 

69.5 

i 

63.2 

-9.10 


gas and therefore equilibrium is achieved more slowly. Consequently, the index 
will tend to be lower. With respect to temperature it is clear that warmth in- 
creases the vascular bed by dilatation of the small vessels and due to the increased 
blood flow affords a more rapid absorption of the gas. Conversely, the vaso- 
constriction induced by cold cuts down the blood flow, particularly in the ex- 
tremity (foot) and restricts gas uptake. 

Inasmuch as the rate of gas uptake is determined largely by the amount of 
blood flow to the extremity it seems reasonable that various drugs having definite 
cardio-vascular effects might thereby increase the rate of gas exchange and hence 
raise the index. Therefore drugs were given as shown in table 3. 
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Adrenalin. The administration of adrenalin is attended by significant lower- 
ing of the index. The cutaneous vaso-constriction with associated shivering 
of the animal permits less blood to be delivered to the extremity and, therefore, 
retards the gas uptake. These local effects apparently outweigh the other 
“favorable” cardio-vascular actions of the drug such as increased cardiac output, 


TABLE 3 


DRUG 

NORMAL INDEX 

EXPERIMENTAL 

INDEX 

PER CENT 
CHANGE 

Adrenalin, 2 cc. subcut 

69.9 

50.0 

-28.5 

Adrenalin, 0.5 cc. intraven i 

69.3 

54.1 

-21.9 

NaN 02 , 01. gram intraven 

56,8 

54.8 

-3.5 

Histamine 

64.3 

57.9 

-10.0 

Dexedrine 

69.5 

64.7 

-6.9 

Caffeine, 50 mgm, per kilo, i.v 

69.5 

1 72.6 

-i-11.6 

Caffeine, 50 mgm. per kilo, i.v 

64.3 

73.9 

+15.0 

Caffeine, 50 mgm. per kilo, i.v., by mouth 

63.1 

73.3 

+16.2 

Theophyllin, 100 mgm. per kilo, i.v. 

64.3 

82.3 

+38.1 

Theophyllin, 100 mgm. per kilo, i.v 

63.1 

75.4 

+19.5 

Theophyllin, 100 mgm. per kilo, i.v 

69,5 

76.3 

+8.3 

Theophyllin, 25 mgm. per kilo, 




measured after 2 minutes 

66.3 

69.6 

+4.9 

measured after 15 minutes 

63.6 

67.0 

+5.0 

Theophyllin, 25 mgm. per kilo, 




measured after 1 hour 

63.1 

66.3 

+5.0 

measured after 3 hours 

63.6 

67.0 

+5.0 

measured after 24 hours 

63.6 

63.7 

±0.0 

measured after 48 hours 

63.6 

63.6 

±0.0 

Theophylline, 50 mgm. per kilo. 




measured after 15 minutes .... . 

66.3 

74.2 

+11.9 

measured after 24 hours 

66.3 

66.4 

±0.0 

measured after 48 hours 

66.3 

66.3 

±0.0 

Theophylline, 10 mgm. per kilo. 



! 

measured after 15 minutes 

63.1 

66.3 

+5.0 

measured after 24 hours 

1 63.1 

63.7 

+0.8 

measured after 48 hours 

1 63.1 

62.5 

-1,0 


elevated blood pressure, etc., the overall effect being one unfavorable to rapid 
gas exchange. 

Sodium nitrite. When sodium nitrite is given in the dose of 0.1 gram intra- 
venously the blood pressure drops and peripheral vasodilatation is marked, in- 
vohdng chiefly the postarteriolar beds. The resultant effect is one of relative 
peripheral circulatory failure which impairs the blood flow to the extremity and 
consequently retards the rate of gas exchange. Hence, despite an increase in 
the peripheral vascular bed the overall effect is unfavorable. 
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Histamine. The cardiovascular effect of histamine is similar to the nitrites. 
Despite peripheral vasodilatation, the blood pressure drops, cardiac output is not 
increased, and the result is one of impaired circulatory eflSciency and hence un- 
favorable for rapid gas exchange. 

Dexedrine. This drug, like adrenalin, is sympathomimetic in effect. 
Xanthines. The xanthines exert certain cardio-vascular actions which result 
in increased peripheral blood flow: viz., the cardiac output is increased, blood 
pressure is maintained, peripheral vessels are dilated. It seemed, therefore, that 
these drugs would be likely to elevate the index. As seen in the accompanying 
table, theophylline and caffeine in varying doses and time relationships were ad- 
ministered by different routes. The results show a consistent and significant 
rise in the index with both of these drugs. In general, intravenous administra- 
tion is followed by a progressive rise in the index as one increase the dose from 
10 to 100 mgm./kilo. Tlie duration of the effect lasts at least 3 hours. For 
detailed analyses of these data see the accompanying table. 

SUMMARY 

1. In anesthetised dogs the normal 7/14 index for the uptake of radiokrypton 
is both significant and reproducible. 

2. Physical procedures and certain drugs which impair the peripheral blood 
flow consistently lower the index. 

3. The xanthines, w^hich tend to facilitate peripheral blood flow, uniformly 
raise the index. Dosage and time relations have been studied. 
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Sjostrand (1937) revealed that the application of acetylcholine (ACh) to the 
cortex previously treated with strychnine and eserine produced fast regular 
waves. Miller, Stavraky and Woonton (1940) reported that 1 per cent ACh 
solutions applied to the cortex produced no alteration but when the cortex had 
been previously eserinized spikes occurred similar to those induced by the appli- 
cation of strychnine to the cortex. Chatfield and Dempsey (1942) foxmd 1 per 
cent ACh effective only when prostigmine had been previously applied to the 
cortex. Brenner and Merritt (1942) reported that higher concentrations of 
ACh (2.5 to 10 per cent) would evoke spike potentials from the cortex without 
the aid of eserine or prostigmine. Chatfield and Dempsey and Brenner and 
Merritt noted that the spike discharges induced by ACh tended to remain local- 
ized to the area of application. Brenner and Merritt noted on several occasions 
a spread of the discharge to a homologous area of the contralateral hemisphere. 
Chatfield and Dempsey indicated a spread of the fast, ACh induced, activity to 
an ipsilateral cortical area which was subsequently found to be fired by the 
application of strychnine to the original area of ACh application. These ob- 
^servations on the spread of the activity induced by the topical application of 
ACh to the cortex, sugg^ted that when a spontaneous spread occurs it does so 
along neuronal pathw^ays. The following studies w'ere carried out to determine 
the validity of this premise and also to ascertain if strychnine applications would 
facilitate the spread of these ACh induced discharges. 

Methods. Thirty-two adult cats were employed for these studies. Anes- 
thesia was induced by the administration of Dial mth urethane^ in doses of 0.45 
cc. per kgm. Both cerebral hemispheres were widely exposed. Unipolar silver 
ball electrodes were employed as roving electrodes and bipolar electrodes were 
placed in stationary positions. Sensory areas of the cortex were selected and 
these were identified by their strychnine firing characteristics as outlined by 
Carol (1942). In addition there were occasional samplings of the temporal 
lobe, neuronal pathways being also identified by the strychnine technique. In 
the early experiments electrodes were scattered over both hemispheres, ACh 
applied to one portion of an area and the location of the ACh firing determined. 
When the ACh discharges remained localized strychnine was applied to the same 
area to which ACh had been applied and after adequate strychnine firing occurred 
ACh was reapplied. By this technique the factors in local firing, spontaneous 
spread along neuronal paths, and the facilitation of spread by strychnine were 
determined. 

^ We wish to thank Ciba Pharmaceutical Products for the Dial with urethane. 
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In order to determine the nature of the secondary ACh discharge by attempt- 
ing to propagate the discharge to a third area the following technique was 
followed: A battery of four pairs of electrodes was applied to each of the probable 
primary and tertiary areas of ACh firing and roving grounded electrodes were 
used on the proposed secondary ACh firing area. Electrodes were placed on 
adjacent and distant areas. Strychnine was placed on the secondary area and 
firing of the tertiary area determined. As the primary area was usually homol- 
ogous and contralateral in most instances, the region of the primary area fired 
by the secondary would also cross fire. Firing from the primary to the secondary 
area was then checked. The optimum timing of the two applications of strych- 
nine to the secondary and primary areas and of ACh to the primary area was 
determined. Care was taken in each experiment also to sample areas not in 
neuronal coimections so that any tendency to spread along the cortical feltwork 
might be apprehended. 

In all experiments 3 per cent stiychnine nitrate solution was used. This was 
applied by means of small squares of filter paper, 1 to 2 mm. square. As soon 
as a given strychninization produced adequate spikes, the pledget was removed. 
ACh was used in solutions varying from 5 to 25 per cent. These solutions were 
applied on pledgets varying from 2 to 3 mm. square and were removed, unless 
some special indication existed, as soon as adequate ACh firing occurred. Re- 
cording was by means of a 3 channel Grass electroencephalograph. 

Results. The application of ACh to the cortex in the manner described re- 
sulted in a diminution of the electrical activity of the cortex. ‘ Within a period 
of time ranging from 5 to 20 minutes there appeared an increase of the electrical 
activity of the cortex. This increased activity consisted of rapid, intermittent 
discharges of increased voltage. (ACh discharges.) 

For the most part the ACh discharges remained sharply localized to the region 
o£ the application of the drug, usuaUy failing to fire even adjacent or more dis- 
tant portions of the same cortical area. A spontaneous spread was encountered 
in two instances, both times to a contralateral homologous area and in one of 
these instances an ipsilateral area was also fired (fig. 1). Subsequent strydmin- 
ization proved that the areas to which the ACh discharge had spread were 
neuronally and dromically fired by the primary area. 

Attempts to facilitate the propagation of ACh discharges by application of 
strychnine to an area undergoing ACh discharge succeeded only in disrupting 
the firing in the primary area. The reversal of the procedure, i.e., strychniniza- 
tion followed by application of ACh, resulted in the propagation of ACh dis- 
charges to the areas fired by stiychninization (fig. 2). These secondary ACh 
discharges, whether spontaneous or induced by strychninization, differed in 
certain respects from the primary ACh discharges. Frequently the secondary 
discharges did not occur with the earliest primary discharges nor did they con- 
tinue until the final discharges from the primary area. The secondary discharges 
were usually of lower voltage and between the discharges a considerable amount 
of normal cortical activity was apparent. 

Since most of the primary applications of ACh were made to areas 5 and 7, 
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the projection pathways to the opposite hemisphere from the areas under in- 
vestigation were by way of the corpus callosum. When the secondary area of 
ACh firing was contralateral, section of the corpus callosum abolished the 
secondary firing leaving the primary discharge intact (fig. 3). 

In attempting to propagate the ACh discharge from a secondary to a tertiary 
area, the application of strychnine to an area undergoing secondary ACh firing 
was found quickly to break up the secondary ACh discharge leaving only strych- 
nine spikes. Again a reversal of applications was attempted, with strychniniza- 
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Fig. 1. Spontaneous spread of ACh discharge dromically and along neuronal pathways. 
A: ACh disdiarge occurring in Rt. 7, Rt. T. and Lt. 7 following application of ACh pledget 
to Rt. 7. B : Strychniaization of Rt. 7 fires the same areas as did ACh. Horizontal 
Marker, 1 sec. Vertical Marker 600 p volts. Same in all figures. 

tion of the secondary area firing the tertiary area, followed by strychninization 
of the primary area and finally application of ACh to the primary area. While 
in all, 22 attempts were made to propagate the ACh discharge from the primary 
to a secondary and thence to a tertiary area, in only two instances was this ac- 
complished. In these two instances the tertiary ACh discharge bore the same 
relationship in onset, duration, voltage and intervening cortical activity to the 
secondary discharges that these bore to the primary (fig. 4). 

CoN'CLUSiONs. The local application of ACh to the exposed cerebral cortices 
of cats under Dial with urethane anesthesia resulted in a diminution of electrical 
activity. The nature of the diminution of the electrical activity is not yet clear. 
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Following the diminution of electrical activity rapid, high voltage intermittent 
electrical discharges occurred. These have been deagnated ACh discharges. 




RtT 


m 

Fig. 2. Strychnine facilitation of the spread of ACh discharge. A: localized ACh dis- 
charge resulting from application of ACh to Rt. 7. B : strychninization of Rt. 7, firing op- 
posite 7. C: ACh applied to Rt. 7 during strychninization resulting in spread of ACh dis- 
charge to opposite 7. D : Repetition of A 2i hours later showing again localized discharge. 





U.7 

Fig. 3. Effect of section of corpus callosum on contralateral secondary ACh discharge. 
A : primary ACh discharge in Rt . 7 with secondary ACh discharge in Lt. 7. Spread induced 
by strychninization. B : Disappearance of secondary ACh discharge following section of 
the corpus callosum. 

The present studies confirm those of previous authors in the observation that 
ACh discharges tend to remain sharply localized to the region of application. 
The observation of Brenner and Merritt that ACh discharge occasionally spread 
spontaneously to a small area of the opposite hemisphere su^ested the spread is 
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along an anatomical structure. This is proven by the section of the corpus 
callosum with obliteration of the secondary discharge when the primary dis- 
charge arises from an area which projects through the corpus callosum. Since 
ACh discharges which spread spontaneously do so dromically and only to areas 
fired by stiychninization of the primary area the anatomical pathway must be 



Fig. 4. Spread of ACh discharge from primary to secondary, and from secondary to ter- 
tiary area. A: Strychninization of Rt. 7 fires contralateral 7 but not contralateral area of 
temporal lobe. B : ACh and strychnine firing of Rt. 7 produces secondary ACh discharge in 
Lt. 7. No ACh discharge in temporal. C: Strychninization of Rt. 7 and Lt. 7. Rt. 7 fires 
Lt. 7 and Lt. 7 fires Lt. T. D : ACh application to Rt. 7 after C with ACh discharges as 
follows : primary in Rt. 7, secondary in Lt. 7 and tertiary in Lt. T. 

neuronal. The two instances in which it was possible to propagate the dis- 
charge to a tertiary area suggest that the discharge in the secondary area is 
not an axonal discharge obtained from the axones of the primary neurones, but 
rather is a discharge of the neurones of the secondary area. The infrequency 
with which tertiary firing was accomplished may well have been due to the diffi- 
culty in timing of the three applications, necessitated by the deleterious effects 
of primary strychnine spikes on either primary or secondary ACh discharges. 
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Strychninization prior to ACh application resulted in a facilitation of the 
spread of the ACh discharge. While the mechanism for this is not self evident, 
it is conceivable that strychnine firing may function in a maimer similar to that 
of a single shock stimulus in controlling cortical clonic responses (Rosenblueth, 
Bond and Cannon, 1942). There was also some indication that a prior applica- 
tion of strychnine enhanced the primary ACh discharge. In many instances 
there was greater regularity, faster frequencies and higher voltages in the pri- 
mary ACh discharges when a previous strychninization occurred and compared 
with a simple application of ACh to the same area prior to strychninization. 

Differences between primary and secondary, and secondary and tertiary ACh 
discharges were chiefly the diminishing amplitude of the discharge and the degree 
of intervening cortical activity between discharges. These variations are con- 
sistent with the neuronal concept of the spread of the discharge. Thus one 
region or one area of the cortex does not project en masse to another area nor 
does one area receive projection fibers only from another area. Thus while the 
application of a drug to the primary area will conceivably affect all the available 
neurones in that region, only a portion of these will project to the neurones of a 
given secondary area and of these only a still smaller proportion wlU project to the 
tertiary area. Hence the driven ACh discharge may well be expected to de- 
crease and normal cortical activity increase in proportion to the numW of steps 
in the propagation. 


SUMMARY 

The application of ACh to the cortex resulted in a diminution in the electrical 
activity which was rapid in onset. This was followed by the appearance of ACh 
discharges which varied in type, and tended to remain sharply localized to a 
small region. Spontaneous spread of ACh discharges occurred along anatomical 
structures and followed in dromic fashion, neuronal paths. Secondary ACh 
discharges were possibly neuronal and not axonal discharges. Certain differ- 
ences between primary, secondary and tertiary ACh discharges were discussed. 
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In 1927 Boas (1) observed pronounced spasticity of the limbvS in rats vsuffering 
from the ejBfect of feeding egg white, now known to induce a biotin deficiency (2). 
In 1942 Nielsen and Elvehjem cured this neurologic condition with crystalline 
biotin (3). 

Between 1919 and 1921 Voegtlin and Lake (4), Karr (5) and Cowgill (6) ob- 
served, among other symptoms, a progressive paralysis in dogs on diets probably 
lacking in most of the B complex factors. Treatment with natural sources of the 
B vitamins, such as yeast, rice polish, wheat germ, tomato juice — all good sources 
of biotin as well as the other factors, resulted in prompt reversal of the paralytic 
process and loss of the other symptoms. 

In the present study (7) a progressive paralysis has been produced quite con- 
sistently in dogs on a vitamin B complex free diet supplemented vith 8 synthetic 
factors of the B complex, including vitamins Bi and Be. Under these conditions 
the paralysis was not complicated by such symptoms as vomiting, acute anorexia, 
related to a vitamin Bi deficiency (8, 9, 10), and convulsive seizures, related to a 
deficiency of vitamin Be (11-16), which were observed by the earlier investigators 
(4, 5, 6). Consequently, it was possible to study in more detail the development 
of the paralysis and its reversal on treatment with synthetic biotin. 

Experimental. Forty-six dogs (43 puppies and 3 adults) were used. All 
were housed in separate cages and given access to food and W’ater at all times. 
Only healthy animals known to be growing at a normal rate were placed on experi- 
ment after being freed from intestinal parasites and immunized against distemper. 

Puppies from 6 to 10 weeks old were kept on an adequate yeast-containing 
diet from weaning until their hemoglobin levels had reached values of 13 to 14 
grams/100 cc. Previous work in this laboratory (17) has shown that puppies 
treated in such a manner survive longer on deficient diets, and thus the early 
deaths so disastrous in experiments of this kind are avoided. As a result of this 
procedure, the animals were started on the experiment at different ages but prob- 
ably at a more constant nutritional level. 
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Diets. Chart 1. I. Adeqmte diet. The diet fed the positive controls con- 
tained brewers’ yeast at a level of 10 per cent, replacing an equivalent amount 
of sucrose in the basic diet (BD). On this regime the dogs remained normal 
in every way and experienced idbrant health and Autality throughout the experi- 
mental period, which ranged from 1 to 1| years. 


CHART 1 
Diets 


CONSTITUENTS 

BASIC DIET (BU) 

YEAST DIET (YD) 


per cent 

per cent 

Casein (acid and ale. extd.) 

40 

40 

Sucrose 

36 

26 

Cotton seed oil 

18 

18 

Cod liver oil 

2 

2 

Salt mixture^ 

4 

4 

Brewers’ yeast^ 

0 

10 

Total 

100 

100 


Viiamin supplements given, to both experimental animals and controls weekly: 
Vitamin K— 5 ingm. 2 methyl 1-4 naphthoquinone 
Vitamin E — I cc. Mixed locopherols (Lederle) 


Vitamin A 
D 


100 drops of cod liver oil cone, yielding 


200,000 U.S.P. u. vitamin A 
27,000 u. vitamin D 


8 synthetic factors of B complex 


1. Salt mixture: bone meal, steamed, 57.8%, sodium chloride 24.4%, lime stone (oyster 
shell flour) 12.2%, iron sulfate 3.7%, magnesium oxide 1.2%, copper sulfate 0.3%, 
manganese sulfate 0.1%, zinc oxide 0.1%, cobalt carbonate 0.1%, potassium iodide 
0.1%. 


Vttamin content of brewers* yeast {sample 3019) j 

micrograms ! gram 


Thiamin 700 

Riboflavin 60-70 

Pyridoxine 40 

Nicotinic acid 540 

Pantothenic acid 170 

Biotin 2, 4-2. 7 

Inositol 3800 


yeast extract {type 300) 
micrograms /gram 

600 

200 

100-120 

1500 

500 

0.7 

3000 


II. Deficient diets. All animals on deficient diets were fed the basic, vitamin 
B complex free diet (BD) supplemented with 7 or 8 of the synthetic vitamin B 
complex factors (SV) ; namely, thiamin, 1.4 mgni. ; riboflavin, 0.7 mgm, ; nicotinic 
acid, 6 mgm. ; pantothenic acid, 6 mgm. ; vitamin Be, 6 mgm. ; para-amino-benzoic 
acid, 6 mgm. ; inositol, 100 mgm. ; and choline, 100 mgm. per dog per day. These 
were dissolved in distilled water and administered orally to each dog once or 
twice a week. The fat soluble vitamins A, D, E and K were also fed orally to 
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each dog in addition to the vitamins A and D contained in the cod liver oil of 
the basic diet (chart 1). 

The experimental grouping, dietary regimes and incidence of paralysis are 
shown in chart 2. 

1. Diet lacking only in the unknown or commercially unavailable factors of the B 
complex (XV): BD + BY — XV, The dietary regime is expressed as BD (basic 
diet) + SV (8 synthetic B vitamins) — XV (additional vitamin factors of the 
B complex unknown or commercially unavailable) to emphasize the fact that 
we are dealing with a multiple B complex deficiency of unknown quantity and 
quality. We do know quite accurately the number of B complex factors present 
but not the number or physiological properties of all the missing ones. 


CHART 2 

Incidence of paralysis 


DIETARY REGIME 

NO. OF DOGS 

NO. BECOMING PARALYZED 

1. BD -f SV - XV.... 

16 

15 

2. BD 4- SV - (PAB -{-XV) 

2 

0 

3. BD + SV - (P.\ + XV) 

4 

2 

4. BD + SV - (NA 4- XV) 

2 ! 

1 

5. BD 4- SV - (Cho. + XV) .. 

2 

1 

0. BD 4- SV - (Be 4 XV) . . 

9 

2 

7. BD -|- Y or YD Positive controls 

11 

0 

Total . . 

46 

21 

Dogs on BD 4- 7 B factors 

10 i 

6 (32%) 

Dogs on BD 4- 8 or more B factors 

16 

15 (94%) 

Dogs on YD (Positive controls).. . . .... 

i 

11 

0 (0%) 


BD “ basic (B complex free) diet. 

SV = 8 synthetic vitamin factors of the B complex. 

XV = the rest of the B complex vitamins either unknown or commercially unavailable. 

YD = yeast diet consumed by positive controls. 

The most clear-cut syndrome and much the highest incidence of paralysis 
occuiTed on this regime. 

Most of the puppies continued to grow’ for a short period, depending on their 
growth impulse at the time they w’ere placed on the deficient diet. The w’eight 
then remained constant for most of the remaining experimental period. 

The paralysis. One of the first signs observed in w’hat may be termed the 
prodromal period is an apprehensiveness or state of tension. The animals 
over-react to every stimulus. A generalized w’eakness develops w’hich often 
expresses itself in the quadruped by a hanging of the head w’hich is so marked 
that vision is obscured. Due to this, the dog wanders in an apparently aimless 
manner, running into objects and acting as though his mental faculties w’ere 
impaired. The dog soon leams, however, to compensate for this by twisting the 
neck up and back with a rotarj^ motion, thus bringing the head into a position of 



178 


SUSAN GOWER SMITH 


minimiiRi strain. This sign tends to come and go and has always disappeared 
before the onset of the final progressive paralysis. 

During the prodromal period there may occur one or more bouts .of transitory 
generalized paralysis, from which the animal recovers spontaneously without 
treatment. Such attacks are characterized by marked spasticity of the hind 
legs which causes great difficulty in walking, but rarely is there complete loss 
of function. 

The length of the prodromal period shows considerable variation. In most of 
the animals it extended over a period of from 2 to 6 months although in 2 animals 
it was not obseived at all. The onset of the progressive paralysis was very 
sudden in these 2 cases and occurred while the animal appeared in an excellent 
state of nutrition. 

Male dogs usually developed priapism during the last part of the prodromal 
period, and in some animals incontinence of urine was observed. 

The onset of the progressive paralysis is usually sudden and unpredictable as 
to the exact time of occurrence in spite of the warning prodromal symptoms. 
There is a wide variation in time of onset, varying from to 48 weeks on the 
deficient diet. Suspicion is aroused when these abnormally alert dogs tend to 
sit most of the time. This S 9 -called aleriness may be a type of psychomotor 
restlessness; it has been observed in all the dogs during the prodromal period. 
The sequence of events in the progressive paralysis leads next to marked spastic- 
ity of the hind legs and then to inability to get up from a sitting position. At 
this stage it is hard to distinguish the progressive paralysis from the transitory 
bouts because the hind legs are involved in these also. The time element is 
important in differentiating the two; in the early attacks loss of function never 
extends over an appreciable time and never involves the forelegs. After the 
hind legs are paralyzed completely, the animal begins to have trouble with the 
forelegs. There may be a lag of 4 to 8 hours before this occurs. Awkwardness 
due to spasticity is observed first, then a complete inability to use the forelegs. 
The dog often struggles violently to get up at this stage but is forced by his cona- 
tion to lie prone. The animal may remain apparently stationary at this stage 
for 1 to 4 hours; then the neck begins to fail and later there is complete loss of 
function in the neck. At this stage the paralysis has become much more flaccid, 
and the dog usually lies with legs sprawled to either side and with the head lying 
flat in the midline. If untreated, the paralysis progresses to the point where the 
respiratory mechanism is involved and the animal dies from respiratory 
failure. 

If treatment is started in time, recovery is in the reverse order: function re- 
turns to the neck first, then the forelegs and lastly the hind legs. 

The one animal, no. 5, of this group of 16 dogs (table 1) failing to show any 
paralysis became infested with intestinal parasites and died of very severe 
anemia after 29 weeks on the diet, having a red blood count of 1,540,000, hemo- 
globin of 3 grams per 100 cc. and a hematocrit of 10 volumes per cent. 

Of the 15 dogs developing paralysis, 2 showed only transient attacks. One, 
no. 6, died of lung abscess after 2 transient attacks during the prodromal stage, 



TABLE 1 

Dogs on regime BD -}- SV — XV 





T. : 

p. 

p, p. p. 1 



DOG NO. 

INITIAL 

INITIAL 





tkeatment 

RE.SPONSE 

AGE 

WT. 

No. of 
attacks 

Time on 
diet 

No. of 
attacks 

Time on 
diet 


wks. 

kilo. 


whs. 


'U.'ks, 



1 

10 

6.6 

4 

38, 39 
42,46 

0 


B, Y. 

C. R. 

2 

10 

3.7 

1 

6 

1 

7.5 

None 

D.P. 

3 

41 

9.8 

0 


1 

27.0 

None 

D.P. 

4 

17 

5.0 

0 


1 

1 

30.0 

None 

D.P. 

5 

17 

6,3 

0 

1 

0 


None 

D. A. 

6 

17 

4.7 

2 

12, 19 

0 

1 

None 

1 

D.L. A. 

7 

20 

7.5 

1 ' 

33 

1 

38.5 

B. Y.E. 

i C. R. 

i 

8 

20 

8.2 

1 

45 

1 1 

48.0 

None 

D.P. 

9 

29 

15.7 

0 


1 

22.0 

Biotin 

R. P. 

10 

29 

7.3 

0 


2 

17.5 

Biotin 

R. P. 







17.7 

Biotin 

R. P. 

11 

29 

8.4 

0 


1 

16.5 

None 

D.P. 

12 

29 

13.4 

1 

18 

3 

16.5 

Biotin 

R. P. 








Biotin 

R. P.* 








Biotin 

R. P. 








B. Y. 

C. R.f 

13 

37 

11.4 

0 


1 

18.5 


P. R.P. 
D.C.F. 

14 

34 

9.1 

4 

22,23 

1 

35.0 

Biotin 

R. P. 





25, 31 



B. Y. 

C.R. 

15 

35 

f.l 

4 

8, 10 

1 

30 

Biotin 

R. P, 





24,28 



B. Y. 

C.R. 

16 

31 

11.1 

0 


1 

15 

Biotin 

P. R. P. 
D.C.F. 


Initial — Time at which dogs were placed on deficient diet. 

T. P.— Transient paralysis P. P. P. —Final progressive paralysis 

B. Y. — Brewers^ yeast B. Y. E. — Brewers^ yeast extract 

C. R, — Complete recovery R. P. — Recovery from paralysis only 

D. P. — Died of paralysis P. R. P. — Partial recovery from paralysis 

D. C. F.—Died of cardiac failure D. L. A.-— Died of lung abscess 

D. A.— Died of anemia 


* Maintained on synthetic biotin for 10 days, 
t Died of cardiac failure 16 weeks after yeast was discontinued. 
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and another, no. 1, was treated wdth yeast after 4 such attacks. This treatment 
resulted in complete recovery from all neurologic signs and fairly rapid return to 
normal health and vitality. 

Of the 13 dogs remaining in this series, all developed the typical progressive 
paralysis. Five of these received no treatment, and all of these died within 12 
to 18 hours of the onset after passing through the consecutive stages as out- 
lined. 

Attempts were made then to reverse the process with therapy. The first trial 
was with a water extract of yeast (chart 1). Dog 7 was selected for this test 
after the paralysis had progressed to the stage of complete loss of function in the 
hind legs and early involvement of the forelegs. It had been observed previously 
that the transient attacks from which the animals recovered spontaneously in- 
volved only the hind legs; hence, this involvement of the forelegs served to dif- 
ferentiate this attack from one in which spontaneous recovery could be expected. 
The dog was given 8.5 grams of a water extract of yeast in powder form about 5 
p.m. In addition, the dog had the basic, B complex free, diet replaced by one 
containing this same yeast extract at a level of 10 per cent. The extract was 
given in gelatin capsules, the first few being forced down the animaPs throat. 
As soon as the dog tasted the extract, some of which stuck to the outside of the 
capsule, she shov^ed an abnormal desire for it and ate ravenously all the 14 
capsules offered. She was then replaced in the cage at 5 p.m. and allowed to 
remain overnight. The next morning at 9 a.m. she was standing and able to 
walk in a fairly normal manner, but w^as very weak and looked a little dazed. 
At first there was some residual spasticity, but after 6 weeks on the diet all traces 
of abnormal neurologic signs liad disappeared. The dog was normal, healthy and 
had unusual vitality. She was later placed on the control diet and has remained 
in excellent condition for 65 weeks (fig. 1). 

All of the 7 remaining dogs were treated with biotin. At the time most 
of these dogs developed the progressive paralysis they had been depleted of 
several of the B complex factors ki addition to biotin and were lacking in energy 
and general resistance. Of the 7 paralyzed dogs treated with biotin, only one, 
no. 12, seemed in really good general condition, having marked vitality and 
strength. This dog developed the progressive paralysis 3 times, and each time 
was cured of the paralysis by synthetic biotin alone in the following total doses: 

(1) KXH), (2) 500 and (3) 1000 micrograms. The biotin was made up in physio- 
logical saline in a concentration of SOmicrograms per cc., sterilized by autoclaving 
for 15 minutes and injected suhcutaneoudy in the following partial doses: (1) 
100 mierograms every 2 hours for 10 hours, plus a final dose of 500 micrograms; 

(2) 50 micrograms every 2 hours for 10 hours, plus a final dose of 250 micrograms, 
and (3) 200 micrograms every hour for 5 hours. In the first and third relapses 
the results of treatment were entirely satisfactory, but in the second the results 
were not quite so good. Marked residual weakness and neck symptoms, as seen 
in the prodromal period, remained after treatment was completed. An attempt 
then was made to maintain the dog on 50 micrograms of biotin per day, but 
this amount proved insufficient. When the amount was increased to 100 micro- 
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grams, it appeared to be adequate although at times there was slight arching of 
the neck which was interpreted as indicating a borderline maintenance dose. The 
plan was to continue the dog at this level for 10 days, then increase to 200 micro- 
grams ; but on the tenth day the dog relapsed for the third time with a very rapidly 
progressive paralysis, which again responded to treatment with 1 mgm. of 
synthetic biotin (fig. 2). Because of the severity of this attack and the fact that 
the dog came so very near dying in this and a previous attack, it was decided to 
place her on the yeast-containing control diet for a month in order to build her 
up. Sixteen weeks after the yeast Avas discontinued, while she was in the prodromal 
stage Avith occasional neck symptoms and spasticity of the extremities, she died 



Fig. 1. Dog 7. 

A. Paralyzed state. B. Seventeen hours after receiving treatment with a water extract 
of yeast. C. After 8 months on diet containing the yeast extract. 

suddenly of cardiac failure. At 9:30 a.m. on the day of her death she jumped 
out of the cage as she frequently did at such times, ran around the room a few 
times, Avas caught and returned to the cage. She appeared normal in eA^ery A\^ay 
except for mild prodromal signs noted aboA^e. At 2 p.m., AA^hen next observed, 
she Avas dead but still Avarm. An autopsy Avas performed immediately. The 
tongue AA^as extremely cyanotic. There Avas marked dilatation of the heaii;, 
the right side being more dilated than the left. In addition, there AA^as pronounced 
congestion of the liver and intestines. All of this suggested cardiac failure as 
the cause of death. Histological sections of the organs AA^ere normal except 
for a mild interstitial nephritis in the kidneys and marked congestion in the 
Ih'er and intestines. 
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The 6 other dogs treated with biotin were much weaker and less able to respond 
to any specific therapy. However, one of these animals, no. 10, extremely weak 
when treated, recovered completely from the paralysis but relapsed within 12 
hours after biotin therapy was discontinued. He responded again to biotin 
treatment to the point where he could stand and walk, but was so weak after this 
second attack that it was decided to sacrifice him for tissue studies. ^ 

Another dog, no. 9, the third dog treated with biotin, showed a specific response 
in the cure of the paralysis but died 5 days later of a necrotic lesion of the 
shoulder. 



Fig. 2, Dog 12 in third relapse, showing stages of progressive paralysis and complete 
recovery with biotin treatment with the time relationships. Total dose, 1 mgm. (200 
micrograms at 4, 5, 6, 7 and 9 p.m.). 

8/18/44: A. 4 p.m.; B. 6 p.m.; C. 11 p.m. 8/19/44: D. 3 a.m.; E. 10 a.m. 

The fourth dog, no. 16, treated with biotin was one in which we expected excel- 
lent results because she did not appear to be as much affected by the other defi- 
ciencies of the diet in addition to biotin. This dog reached the point of complete 
paralysis in the hind legs, then the forelegs and then the neck. These stages were 
very clear-cut and distinct. Approximately 8 hours after the biotin treatment 
was started, during which time the animal had continued to get worse, there was 
a definite reversal of the process. Function first returned to the neck; then the 
forelegs regained their function completely and the dog was able to sit up. There 
seemed to be very slight impro^'ement in the hind legs. At this point the dog 
became very impatient and tried to propel herself about by means of the forelegs. 
This she succeeded in doing, but the exertion proved too much for her at this 
stage of recovery and she died suddenly in cardiac failure in less than 15 minutes. 
An electrocardiogram made about 4 hours before death showed no characteristic 
changes from the normal except for sinus arrhythmia which is quite common in 
dogs (18). 
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The fifth dog, no. 13, also died in a heart attack after function had returned to 
the neck only, following biotin therapy. This dog was treated with prostigmin 
(2 mgm. total dose) given subcutaneously over a period of 1 hour. It resulted in 
marked increase in salivation, lacrimation, urination and defecation, indicating 
physiologic reaction from the drug, but it had absolutely no effect on the paraly- 
sis. Biotin treatment was started approximately 1 hour after the prostigmin 
was discontinued. 

The sixth dog, no. 15, showed a specific response to biotin in the cure of the 
paralysis. This dog was in an extremely w’eakened condition at the onset of the 
progressive paralysis. He suffered complete loss of function in the 4 extremities 
and in the neck. This was restored by the biotin treatment to the point where 
the animal could stand and walk, and the priapism which had existed also disap- 
peared. He w^as still extremely weak and had no interest whatsoever in the basic 
diet; but w^hen offered 10 grams of the brewers’ yeast used in the control diet, he 
ate it ravenously, even in his exhausted state. He \vas offered another 10 grams 
which he consumed and was then placed on the yeast diet to restore some of the 
other missing factors before he w^as again depleted. 

The seventh dog, no. 14, treated with 200 micrograms of biotin every hour for 

5 hours, was in the same w^eakened condition as no, 15, and his progress on treat- 
ment follow' ed practically the same pattern. This animal also show’^ed a peculiar 
appetite for the yeast w^here none existed for the basic diet. The yeast was given 
only after the paralysis had responded specifically to the biotin treatment. 

It seemed of interest at this point to determine w’^hether the omission of any 
single entity from the group of 8 synthetic vitamins, SV, w’ould accentuate or 
hasten the onset of the specific neux’ologic syndrome. 

2. Diet lacking para-amino-benzoic add (PAB) in addition to XV: BD + >SF — 
(PAB + XV ) . Tw^o adult black dogs were maintained on this regime for 28 and 
27 weeks respectively without neurologic changes, depigmentation of the fur or 
any other sign of deficiency (19, 20). These 2 animals were then also deprived of 
pantothenic acid, another B complex factor associated with achromotrichia (21, 
22), for an additional period of 30 and 26 weeks respectively. At the end of this 
time there was likewise no depigmentation of the coat in either dog, but both 
developed characteristic neurologic signs. One showed a transient attack in the 
prodromal pxeriod from w^hich it recovered spontaneously and died suddenly of 
unknown cause about 12 w^eeks later. The other developed the progressive paral- 
ysis which presumably w^as the cause of death. 

3. Diet lacking pantothenic add {PA) in addition to XV: BD + — (PA — 

XV). Two puppies were placed on this regime for 11 and 17 weeks respectively, 
w’hen they died suddenly of unknown cause without evidence of neurologic change 
or depigmentation of the coat. 

4. Diet lacking nicotinic add {NA) in addition to XV: BD + — (NA + 

XV). Of the 2 puppies placed on this regime, one died of unknown cause after 

6 weeks on the diet, showing slight loss of w-eight but without signs of black tongue 
or other deficiency symptoms. The other developed black tongue after 14 
wneks on the diet and was cured Avith synthetic nicotinic acid (1 mgm./kilo. per 
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day for 10 days). Six weeks later the dog developed black tongue again and was 
cured a second time, but in this case with a larger dose (10 mgm./kilo. per day 
for 10 days). One week later, w^hile the treatment was still going on, the dog be- 
gan to show" prodromal signs and experienced a transitory attack, from which 
he recovered spontaneously. Tw^o weeks later, before the dog would normally 
have exhausted his store of nicotinic acid (23), he died of the progressive pa- 
ralysis. 

5. Diet lacking choline (Cho,) in addition to XV: BD + SV — (Cho. + XV), 
Of the 2 dogs on this regime, one died quite suddenly of unknown cause after 29 
weeks on the diet. Since at this time the dogs were not examined with much 
regularity for signs of paralysis, it is quite possible that it could have died either 
of the rapidly progressive paralysis or of congestive heart failure. The other dog 
developed the typical paralysis without obvious complications and identical in 
every way with the symptoms shoTO by the dogs receiving 8 or more synthetic 
factors. Rats ingesting a diet containing casein at a level of 30 per cent or more 
do not require choline (24, 25). If this is true of dogs, this regime is, for all in- 
tents and purposes, identical ^vith the one BD + SV — XV. 

6. Diet lacking vitamin in addition to XV: BD + SV — (Re + XV). Of 
the 9 dogs (8 puppies, 1 adult) on this regime, 7 died presumably of the microcytic 
hypochromic anemia characteristic of vitamin Be deficiency (11, 15, 17). The 
other 2 dogs both became paralyzed after 17 and 23 weeks respectively, one before 
there was objective evidence of vitamin Be deficiency and the other after the dog 
began to show’ blood changes characteristic of the hypochromic microcytic anemia 
with a red blood count of 6,850,000, hemoglobin 9.5 grams per 100 cc. of blood 
and hematocrit 32,7 volumes per cent. In the latter case the paralysis was com- 
plicated by the presence of convulsive seizures which have been described as 
occurring in animals on a Be deficient diet (11-16). In the former case the neu- 
rologic disorder occurred before vitamin Be deficiency was evident and, conse- 
quently, was unaccompanied by convulsive seizures. Even so, the syndrome was 
slightly atypical with respect to the rapidly progressive paralysis seen in the dogs 
on the regime BD + SV — XV in that it failed to progress through all the con- 
secutive stages. Vitamin Bi was given subcutaneously (10 mgm.) to rule out the 
possibility of a failure to absorb the material given orally. This had no discern- 
ible effect. Since the animal w’as getting rapidly w’orse, treatment with vitamin 
Be was staiied and continued for 3 w"eeks. During this time the paralysis ap- 
peared to progress less rapidly than before, but there w’as definitely no reversal of 
the process. The general condition improved slightly at first, then gradually got 
worse. It must be remembered that the dog remained paralyzed and at practi- 
cally the same stage during all this period. Of all the 19 animals becoming 
paralyzed, in not a single instance except this one did the paralysis become ar- 
rested at any given stage. Because the general condition was getting worse and 
the paralysis no better, the basic diet w^as replaced by the yeast diet. On this 
regime the general condition improved amazingly; function returned to the fore- 
legs but the spastic paralysis of the hind legs remained unchanged. There wn.s 
marked exaggeration of the reflexes, clonus was present to an inexhaustible degree 
and different groups of muscle fibers show’ed fibrillation and later atrophy. 
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There were coarse tremors. The histological sections, examined by Dr. Valy 
Menkin, showed vacuolization and degeneration of some of the ventral horn cells 
and suggestive evidence of damage in the region of the lateral cortical spinal 
tract. Further studies on this latter point, however, are in progress. 

Biotin assays. Microbiological determinations of biotin have been made on 
dietary constituents, the tissues of depleted and normal dogs and their urinary 
and fecal excretion. The method employed is that of Snell and Wright (26) for 
nicotinic acid, altered as required for biotin assay. The complete data are being 
prepared for publication at a later date. Ten assays on the urine of 5 dogs on 
the regime BD + SV — XV average 2.96 micrograms per 24-hour excretion 
period as compared with 14.62 micrograms, the corresponding value for the posi- 
tive controls on the yeast diet (27). 

Discussion. In the present study a characteristic neurologic syndrome oc- 
curred consistently on a diet lacking several factors of the B complex. It is not 
prevented by 10 of the knovm synthetic B complex factors; namely, vitamin Bi, 
riboflavin, nicotinic acid, vitamin Be, pantothenic acid, para-amino-benzoic acid, 
inositol, choline, folic acid and xanthopterin. It is prevented and cured by 
brewers’ yeast and a water extract of this brewers’ yeast, both known to contain 
biotin. It is also cured in a few hours vdth synthetic biotin in a total dose as 
small as 500 micrograms. The fact that synthetic biotin in such very small 
amounts will give a specific response so quickly makes it reasonable to believe 
that biotin is concerned in the etiology. 

That the highest incidence of the neurologic disorder occurs in animals receiv- 
ing the largest number of B complex factors is interesting but not surprising. We 
know that the addition of riboflavin to rat diets brought out the vitamin Be 
deficiency dermatitis in much higher instance and more characteristic form than 
diets lacking riboflavin (28). The same thing w^as true of the chick dermatitis 
due to pantothenic acid deficiency (29). Recently Darby has produced rickets 
in rats in a more consistent and characteristic form by adding choline to the 
Steenbock rickets-producing diet (30). The addition of a vitamin factor not 
concerned in the etiology of a sjmdrome often brings out the syndrome in more 
clear-cut form. Hence, it is reasonable to believe that none of the 8 synthetic 
factors used regularly in the dietary regimes described above are concerned in the 
etiology of the resulting neurologic picture. 

The nature of the defect in this neurologic syndrome is not yet understood. 
The complete failure of any response to prostigmin given parenterally in adequate 
amounts leads us to believe that the syndrome is not due to a defect in the acetyl 
choline metabolism. A degenerative lesion of any significance in the central 
neiwous system is quite unlikely because of the rapidity of recovery. 

The possibilities of a toxic effect, disturbed potassium metabolism or disturbed 
creatin metabolism remain. The first possibility has not been investigated at all. 
With respect to the potassium metabolism, one dog treated with potassium 
chloride solution administered subcutaneously in 100 mgm. doses every hour for 
7 hours showed little or no response whereas a definite response w’as obtained 
later with biotin. 

Others have observed paralysis on B complex deficient diets in which synthetic 
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factors were employed. In 1936 and later in 1938 Morgulis et ah (31) described 
a muscular dystrophy in rabbits which was due to a lack of 2 factors — one fat 
soluble, later identified as vitamin E, and the other water soluble, presumably a 
member of the B complex group. More recently, in 1945, the B complex factor 
has been identified by Milhorat and Bartels (32) as inositol. Their observations 
suggest that tocopherol forms a condensation product vith inositol in the gastro- 
intestinal tract (tocopherol-inositol ether) and that the inherent defect in muscu- 
lar dystrophy is a deficiency in this reaction of condensation. 

Morgan, in 1941, described a ^'progressive flaccid paralysis’’ in dogs on different 
types of vitamin B complex deficiency (33). The paralysis developed in 3 of her 
4 deficient dietary regimes. Since 2 of these were more or less opposite in charac- 
ter, it is reasonable to believe that a common factor lacking in both diets was 
responsible for the neuromuscular syndrome. 

In 1942 Wintrobe et ah (34) observed the development of abnormal gait in pigs 
on a diet lacking either pantothenic acid or vitamin Be. This was accompanied 
by sensory neuron degeneration. Protection against these changes was afforded 
by the inclusion of these 2 factors in the diet. 

Hogan (35) has observed in chicks a paralysis which in many ways seems simi- 
lar to the syndrome in dogs just described. In the chick, however, the anti- 
anemia factor, Be, is the protective or curative agent. The paralysis in the chick 
is described as a "spastic cervical paralysis.” "At the onset the neck is extended 
and rigid, as in a turkey that has been alarmed and is searching to see if danger is 
near. The attacks are at first intermittent, but later they become continuous. 
The vdngs are slightly drooped and quiver. The poult chirps continuously as if 

in pain When the poult is moribund, the body seems to relax and frequently 

the neck is twisted.” Nine poults developed the cervical paralysis on a diet con- 
taining crystalline biotin. All were given a source of vitamin B... The time re- 
quired for recovery varies according to the method of administration; but in 2 
poults given 100 micrograms of crystalline vitamin Be intraperitoneally, one 
recovered in 4 hours and the other in 6. Vitamin Be was not supplied as such to 
any of the dogs developing the paralysis in the present study, but its absence did 
not interfere with a specific response of the neurologic syndrome to biotin. 

The cardiac damage resulting in the sudden death of 3 of the dogs appears to 
be different from that occux'ring in vitamin Bi defici6nc,y since there wns no varia- 
tion from the normal either in the electrocardiogram or in histologic sections of the 
heart. In the latter deficiency, certain weU-established pathological changes oc- 
cur, namely, focal and diffuse myocardial necrosis and pronounced electrocardio- 
graphic changes (36). 

It has been shown previously (37 , 38) and confirmed in the present work that 
8 synthetic factors, SV, are completely inadequate as a source of the B complex for 
Brewers yeast, however, introduced at a level of 10 per cent in the 
basic diet proved entirely adequate as a source of the B vitamins. This diet, 
consumed by the controls, resulted in vibrant health throughout the experimental 
period which in the case of 2 controls and 1 yeast-treated dog lasted for well over 
a year. Diarrhea was not observed in a single instance in spite of the high yeast 
content of the diet. 
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SUMMARY AND CONCLUSIONS 

Evidence is presented that a characteristic neurologic syndrome of progressive 
paralysis occurs consistently in dogs on a vitamin B complex deficient diet supple- 
mented vdth thiamin, riboflavin, niacin, pyridoxine, calcium pantothenate, inosi- 
tol, para-amino-benzoic acid and choline in adequate amounts. 

The signs of this neurologic S3nidrome are alleviated by biotin in relatively 
small therapeutic doses, 100 micrograms per kilo of body weight, in a compara- 
tively short time. Consequently, we conclude that biotin is concerned in the 
etiology of this syndrome in dogs. 

The nature of the physiologic defect is not clear at the moment. The speed of 
cure makes it unlikely that a degenerative lesion in the nervous system occurs, 
and failure to respond to prostigmin would seem to rule out a defect in the acetyl 
choline metabolism. 

Cardiac damage resulting in sudden death was observed in 3 dogs. These 
heart lesions differed from those described as a result of vitamin Bi deficiency in 
that the latter showed pronounced electrocardiographic changes and pathological 
alterations while these showed neither. 
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In a sorioK of experiments on the heart-lung preparation (dog) we observed 
that large doses of acetylcholine (ACh) produce, in the atropinized preparation, 
an improvement of the heart action associated with a marked increase of the 
coronary sinus flow. The effects are very similar to those observed when 
epinephrine is given. The stimulating effect of ACh is abolished by nicotine as 
well as by ergotamino. These facts seem to show that AC'h has, in addition to 
its well known “muscarinc-likc” depressor effect, a stimulating action which can 
be described !is “nicotinic.” We therefore assume that this neurotransmitter 
acts on nervous structures, located in the heart, which are equivalent to sympa- 
thetic ganglia or (ihromaffinc tissue. 

As far as we know, this effect of ACh has not been described, but there are 
some experimental indications that the mammalian heart possesses sympathetic 
ganglionic strucTures. This hypothesis has been formulated by Dixon (1924) 
who observed that nicotine has positive ino- and chronotropic effects on the 
isolated heart. It seemed of interest to study in greater detail the response of 
the heart to ACh, since the action of this neurotransmitter substance on sympa- 
thetic intracardiac structures might possibly reveal an important peripherally 
localized mechanism of cardioregulation. 

In later experiments, in order to obtain completely isolated hearts, we chose 
the Langendorff preparation, which has the advantages of an extremely simple 
techniciue, and because the organ survives in good condition in spite of being 
perfused with physiological salt solution (Tyrode). This last fact enabled us to 
detect by simple moans the liberation of an adrenalin-likc substance in the 
IKirfusato of the heart. 

Mktiiods. For the heart-lung preparation, dogs from six to eleven kilograms 
were used. The anesthetic was morphine-chloralose. Each preparation was 
perfused with a total of 1.5 to 2 liters of defibrinated blood from a second dog, 
mixed with the blood of the heart donor. Aortic pressure was recorded with a 
mercury manometer, venous pressure with a water manometer, and aortic and 
coronary flow by a method previously described (13) which permits cojjtinuous 
recording of the flow on smoked paper. 

' Rockefeller Traveling Fellow (Hantiago, Chile), Department of Physiology, Harvard 
Medical School, Boston, Mass. 

* The exi)erintcnts on the cpincphrine-like properties of the perfusion fluid of the heart 
were conducted in the Department of Pharmacology, Harvard Medical School. 
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ACh and epinephrine were injected close to the heart into the cannula inserted 
into the superior vena cava, and the other drugs into the venous reservoir. 

For the Langendorff preparation more than 100 hearts of cats, rabbits and 
guinea pigs were used. They were perfused with Tyrode solution wanned to 
38^ and saturated with O 2 (95 per cent) and CO 2 (6 per cent). Glucose (0.1 per 
cent) was added. The solution w'as introduced under pressure into the coronary 
system by means of a cannula inserted into the aorta a few millimeters above 
the aortic valves. At the beginning of the experiment the pressure was adjusted 
to obtain an optimal amplitude of ventricular contractions. The amount of salt 
solution flowing through the coronaries was recorded with the flow meter men^ 
tioned above. An isometric lever (1:10) attached to the heart apex recorded the 
amplitude of the heart beats. 

To test for the presence of an epinephrine-like substance in the perfusate of 
the Langendorff heart, the coronary outflow was collected in samples of the same 
volume, before, during and after the action of ACh or nicotine, and tested for 
its actmty on the following biological preparations: the hypodynamic frog’s 
heart {mna pipiens)^ the isolated rectal cecum of the fowl, and the isolated small 
intestine of the rabbit. 

The frog hearts \vere prepared according to Straub, using a modified cannula 
recommended by Krayer and co-workers (15) wliich permits continuous renewal 
of the solution acting on the heart without alteration of the hydrostatic pressure. 
The hearts were prepared at least 5 hours before starting the actual experiment 
and were irrigated with Tyrode solution made isotonic by adding 3 parts of 
distilled water to 7 parts of the salt solution. 

Samples of the perfusate of the mammalian heart were collected from time to 
time, made isotonic for the frog, cooled to room temperature, and then used 
successively for perfusion of the Straub heart. The samples generally had a 
slight stimulating action. The addition of ACh or of nicotine “in vitro” to the 
atropinized perfusion fluid has never shown an epinephrine-like effect on the 
frog heart, either in the present series or in previous experiments conducted in 
Chile on the hearts of the toad (Bufo Chilensis Gay) and the bullfrog (Calypto- 
cephalus Galli). 

The jejunum or ileum of the rabbit and the rectal cecum of the chicken were 
suspended in a moist chamber immersed in a water bath at 38° and were irri- 
gated drop by drop with the perfusate collected from the mammalian heart. 
This technique is very similar to that recommended by Gaddum and co-workers 
(11), the only difference being that the O 5 -CO 2 mixture was directed into the 
moist chamber from below. In all cases the fluid irrigating the intestine was 
changed without altering either the frequency of the drops or the temperature. 

The usual reaction of the atropinized intestine of the rabbit to high concen- 
trations of ACh is a slight increase of the amplitude of the pendular movements, 
but is never a decrease in tone. However, it is not unusual for the atropinized 
rectal cecum of the fowl to relax under the influence of ACh. This would seem 
to indicate that some of these preparations contain a certain amount of nervous 
and perhaps chromaffine tissue which can release epinephrine when stimulated 
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by ACh or nicotine. These preparations can be utilized for the test if nicotine 
is added to the irrigating fluid. This drug abolishes, as might be expected, the 
'^nicotinic” effect of ACh on the rectal cecum, but does not change (in concen- 
trations up to 2 mgm. per cent) the reaction of the organ to epinephrine. The 
following drugs were used: epinephrine hydrochloride, atropine sulfate, basic 
nicotine or nicotine tartrate (expressed as basic nicotine), ergotamine tartrate, 
curare and acetylcholine chloride. The curare Avas an extract of a crude prepa- 
ration from Venezuela (5 mgm./liter Tyrode). As to the acetylcholine chloride, 
it is important that the solution is not acidified, because the stimulating effect of 
ACh does not appear in the presence of acid. 

Results. 1. The stimulating effect of acetylcholine on the mammalian heart 
The heart-lung preparation. No details of the experiments on the heart-lung 
preparation need be presented, as the subsequent experiments on the Langen- 
dorff preparation are more clear-cut and completely confirmatory, but the results 
of the thirty-two heart-lung experiments can be summarized as follows: 

When small doses of ACh (0. 1-0.2 mgm.) are given, they show a typical 
‘^muscarinic’’ action consisting of a brief standstill of the heart, which is mani- 
fested by a sudden fall of the arterial and rise of the venous pressure, accompanied 
by a decrease of the aortic flow. The coronary flow shows a steep but very 
brief rise. After atropinization (10-50 mgm.) small doses of ACh produce no 
effect, but larger doses (5-10 mgm.) produce an intense epinephrine-like action 
which is shown by an increase of the heart rate and aortic flow, a decrease of 
venous pressure, and a long-lasting increase of coronary flow. After ergotamine 
(4-8 mgm.) has been added to the blood, ACh in the same doses loses completely 
its epinephrine-like effect on the heart. Nicotine in doses of 1 to 10 mgm. pro- 
duces a very marked effect on the dynamic conditions of the atropinized heart: 
increase of rate, decrease of venous pressure, and increase of aortic and coronary 
flow. In most of the experiments, a second injection of the same dose of nicotine 
had no detectable effect, and folloAring a large dose of nicotine the injection of 
large doses of ACh also regularly produced no stimulating effects. 

Therefore, we conclude that large doses of ACh show, after atropinization, 
epinephrine-like actions on the myocardium and the coronaries. This stimulat- 
ing effect is abolished, on one hand, by the action of nicotine, on the other, by 
ergotaminization of the heart. 

Experiments on the Langendorff preparation. Fundamentally the same results 
were obtained from the cat, guinea pig and rabbit hearts perfused vdth physi- 
ological salt solutions. Before giving atropine the classic depi-essor effect of small 
doses of ACh Avas observed. If the dose of ACh Avas increased, the negative 
chrono- and inotropic effects became more marked, but generally this phase of 
depression was folloAved by a period of increased frequency and amplitude. 
After giving atropine (1 mgm./liter) ACh, given in relatively large doses (0.05- 
0.2 mgm.), produced, Avith surprising regularity, its epinephrine-like effect, i.e., 
increase of frequency and amplitude. 

In the Langendorff preparation the coronary vessels do not react to ACh in 
a uniform Avay. There are marked differences from species to species as Avell as 
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from animal to animal. The same is true for the action of epinephrine. It is 
possible to show, however, that the following rules are valid: 1, small doses of 
ACh sho\v a “muscarinic’^ action, which can be abolished by atropine; 2, large 
doses of ACh cause a change in the coronary flow which is similar to that observed 
when small doses (0.1-1 microgram) of epinephrine are injected into the aortic 
cannula; 3, the epinephrine-like effect of ACh is especially pronounced after 
atropine, which prevents the appearance of the initial muscarine-like action 
w’hich generally occurs; 4, in a given preparation the “nicotinic” action of ACh 
on the coronaries is always identical with that of epinephrine (fig. 1). 

The following experiments represent typical examples of the action of ACh: 

The abolition of the stimulating effect of ACh by nicotine. Figure 1 shows a 
record of an experiment performed on a perfused cat’s heart illustrating the 
ventricular contractions and changes in coronary flow. In A, a typical depressor 
effect of ACh (10 micrograms) is observed, which, in this case, is accompanied by 



Fig. 1. Isolated cat’s heart. Lower tracing: Ventricular contractions. Upper tracing ; 
Continuous record of coronary flow, calibrated in cc./min. Time: 15 sec. For description 
see te.xt. 


an increase in coronary flow. In B, a large dose of ACh (50 micrograms) is in- 
jected with the result that the inhibitory effect is more pronounced, but is fol- 
lowed by an increase of amplitude. The coronary flotv is now diminished, 
(“nicotinic” effect). Between B and C, the preparation is atropinized (1 mgm./ 
liter), and in C, the dose of 50 micrograms of ACh is repeated. Notv that the 
depressor action of ACh is absent, the heart reacts with a more pronounced posi- 
tive ino- and chronotropic action, w^hich can be called “nicotine-like” in view" of 
the fact that it is extremely similar to that of nicotine (0.2 mgm.), injected in D 
into the aorta. The nicotinization w^as maintained by adding nicotine (2 mgm./ 
liter) to the perfusion fluid of the heart. The effect of ACh, injected a few' 
minutes later in E, and of nicotine given in F, is now' completely abolished. 

Figure 2 represents an experiment performed upon the heart of a guinea pig 
w^hich illustrates the abolition of the stimulating effect of A Ch by ergotamine. While 
50 micrograms of ACh, injected in 1 show' only a marked depressor effect and a 
nearly maximal dilatation of the coronaries, a larger dose (100 micrograms) given 
in 2 produces an initial “muscarinic” effect follow'ed by an increase of amplitude. 
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The reaction of the coronaries to this relatively large dose of ACh is manifested 
by an initial dilatation; subsequently a slight contraction appears, which is ob- 
served in the dropping of the flow beneath the initial level. In order to show 
the reaction of the heart to epinephrine, 0.1 and 0.5 microgram are given in 3 and 
4 respectively, and an increase of amplitude and rate, as well as coronary con- 
striction, are observed. Between 4 and 5 atropine is added to the Tyrode solu- 
tion perfusing the heart and in 5 the same dose of ACh as given in 2 is repeated. 
The reaction is very similar to that obtained with epinephrine in 4. Between 5 
and 6 ergotamine is added to the perfusing fluid (10 mgm./liter), and here the 
injection of ACh in 6 has almost no detectable effect. But the preparation still 
responds to the injection of epinephrine (0.1 microgram) in 7, and only after very 
long-lasting (30 min.) ergotaminization, which markedly damages the heart, can 
it be seen in 8 that the effect of epinephrine (0.1 microgram) on the coronaries is 
completely abolished, although the myocardium is still slightly affected. In all 
our experiments it was impossible to completely eliminate with ergotamine the 
effect of epinephrine. Even when the heart was severely damaged by large 



Fig. 2. Isolated guinea-pig’s heart. Lower tracing: Ventricular contractions. Upper 
tracing: Continuous record of coronary flow, calibrated in cc./min. Time: 15 sec. For 
description see text. 


doses of ergotamine, it still responded to epinephrine, while the ‘'^nicotinic’^ 
action of ACh was easily eliminated ^^ith relatively slight ergotaminization. 

In another series of experiments (not illustrated) it was shown that the 
‘‘nicotinic” action of ACh on the atropinized heart is readily abolished by adding 
curare (5 mgm./liter) to the perfusion solution of the heart. 

2. Demonstration of the release of an epinephrine-like substance in the heart 
under the stimulus of acetylcholine and nicotine. The hearts of cats and rabbits 
were perfused with Tyrode solution, as described above, and their coronary out- 
flow was tested for its epinephrine-like activity. Figure 3 shows an example 
of an experiment performed on an atropinized cat’s heart (upper record). To 
detect the epinephrine-like activity of its perfusate, a hypodynamic Straub heart 
was used (lower record). In 1, the frog’s heart is perfused vith diluted and 
cooled perfusion fluid from the cat’s heart (P.F.C.H.) collected during A. A 
slight increase of the amplitude is observed. In 2, 0.1 mgm. of ACh is injected 
into the cat’s aorta; the perfusion fluid is collected during B, diluted, cooled 
and given in 3 to the Straub heart, which reacts with a marked positive inotropic 
action. At the height of the action the heart is washed, .r, with “normal” 



P.F.C.H., that is, fluid collected during a period in which no drug was injected 
into the cat’s heart. In 4, a sample of P.F.C.H., collected during C, is given to 
the frog’s heart. In 5, the frog’s heart is perfused with “normal” P.F.C.H. to 
which 2 mgm. of nicotine have been added “in vitro” to 20 cc. The direct 
action of nicotine on the frog’s heart causes a fairly pronounced depression. 
After washing, x, with “normal” P.F.C.H., the frog’s heart recovers. In 6, 
nicotine (2 mgm.) is injected into the cat’s aorta, the perfusion fluid is collected 
during E, diluted, cooled, and given in 7 to the Straub heart which reacts with a 





Fig. 3. Upper record : Ventricular contractions of an isolated cat’s heart . Lower record : 
Ventricular contractions of hypodynamic frog’s heart. For description see text. 



Fig. 4. Isolated rectal cecum of a chicken, irrigated with Tyrode solution collected from 
the outflow of a perfused cat’s heart. For description see text. 


very pronounced positive inotropic action. The activity of the perfusate is con- 
siderably greater than that corresponding to an epinephrine concentration of 
2 X 10“^ which is given in 8. 

Figure 4 is a record obtained from an experiment on the isolated rectal cecum 
of the fowl, irrigated \rith the perfusate of an isolated cat’s heart. First the 
organ is irrigated mih “normal” P.F.C.H. (atropine 0.5 mgm. per cent). In 1, 
20 cc. of the P.F.C.H., collected during the action of 0.5 mgm. of ACh, is given 
to the test organ, which reacts vith a pronounced relaxation. In 2, the prepara- 
tion is again irrigated with, ‘^normal” P.F.C.H., to which ACh has been added 
(0.5 mgm. per 20 cc.) in oixier to maintain approximately the same concentration 
of ACh as before. The organ recovers its normal tone. In 3, the same solution 
that was used in 2, but containing, in addition, epinephrine in a concentration of 
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is given. The cecum shows a typical reaction to this drug which is quanti- 
tpvely very similar to that produced by the heart perfusate collected during the 
altion of ACh. In 4, the preparation is washed with ^^normal” P.F.C.H. com 
timing ACh, and in 6 with P.F.C.H. which, this time, does not contain ACh, 
and it can be seen that this change does not significantly modify the intestinal 
tone. The perfusate from the cat's heart under the action of nicotine (2 mgm.) 
is collected in two samples of 20 cc. each. The first sample is given to the cecum 
in 7 And the second in 10, and* both show a pronounced epinephrine-like effect; 

8 and 11 show the effect of washing wdth “normal" atropinized P.F.C.H. 

Previously it has been mentioned that after atropinization, some cecum prepa- 
rations occasionally respond to ACh or nicotine with a relaxation. To show 
that this phenomenon does not interfere in this case, nicotine (0.2 mgm, per 
20 cc.) was added “in vitro" to an atropinized “normal" P.F.C.H. and given to 
the preparation in 6. Only a relatively slight contraction, followed by a brief 
relaxation, occurred. (Often the first reaction of the cecum to nicotine is much 
more marked than in this case.) In 9, the intestine was irrigated ^vith the same 
fluid as used in 6, and this time no perceptible nicotine effect could be seen. 

Discussion. The positive ino- and chronotropic effects of ACh on the 
atropinized heart of various species of animals have been found without exception 
in more than 100 experiments. The action of this drug on the contractions of 
the heart and the coronary response are extremely similar to that of epinephrine. 
This observation suggests that ACh acts on certain intracardiac structures and 
stimulates them to liberate epinephrine. 

We are able to exclude the possibility of a direct stimulating action of ACh on 
the heart muscle by indirect and direct evidence. The indirect evidence is based 
on the experiments in which the action of nicotine, curare and ergotamine were 
studied. As has already been observed by Dixon, nicotine has a strong stimu- 
lating effect on the heart beat, and our experiments, in addition, show an epi- 
nephrine-like effect on the heart vessels. If the injection of nicotine is repeated, 
it is observed that the stimulating effect becomes much less or is completely 
abolished. When the nicotinization is maintained by adding nicotine to the 
solution which perfuses the heart, the injection of ACh also loses its stimu- 
lating effect. 

C^urare, which is also known to block synaptic transmission, likewise abolishes 
the stimulating action of ACh. Finally, ergotamine, a substance which is known 
to desensitize certain effectors to the action of epinephrine or to sympathetic 
stimulation, prevents the heart from responding to the stimulating effect of ACh. 
This last effect, especially, supports the belief that, under the influence of ACh 
and nicotine, an epinephrine-like substance is released in the heart. 

The direct evidence that, under certain circumstances, there actually is a 
liberation of epinephrine by the heart, consists of the following facts: the per- 
fusate from the mammalian heart collected during the action of acetylcholine or 
nicotine produces a positive inotropic effect on the hypodynamic frog's heart, a 
relaxation of the rectal cecum of the fowl, and a decrease in tone of the small ^ 
intestine of the rabbit. 
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The fact that under certain conditions an easily detectable amount of epineph- 
rine is released in the mammalian heart suggests the possibility that the nervous 
structures responsible for this release might play a role in the normal mechanism 
of the regulation of the heart function. With the advance of our knowledge 
concerning humoral transmission, the opinion becomes more firmly established 
that, wherever acetylcholine plays a rdle as a transmitter of neiwous impulses, 
epinephrine acts to modify its effects. We know, for instance, that epinephrine 
improves the synaptic transmission (4) and in high concentrations inhibits it 
(17,4). 

The presence of an adreno-sympathetic apparatus in the heart might possibly 
explain several problems regarding the nervous regulation of heart activity. One 
might assume, for instance, that the phenomenon of ^ Vagal escape’’ is due to the 
release of epinephrine, which could be caused by ACh acting on the sympathetic 
structures in the heart. As Feldberg and Krayer (9) have shown, ACh is 
liberated and appears in considerable amounts in the coronary blood during 
vagal stimulation. Dale and his collaborators (7) attempted to explain the 
readiness with which the cat’s heart escapes from vagal inhibition as due to the 
presence of cardio-accelerator fibers in the vagus nerve of these animals. It has 
been found repeatedly, in various species of animals, that stimulation of the 
vagus after atropine (12) and after sympathectomy (1, 2, 14) leads to an accelera- 
tion of the heart. This obseiwation is generally accepted as evidence of the 
presence of accelerator fibers in the vagus. Numerous and elaborate suggestions 
have been made as to the location of the cell bodies of such fibers. It seems to 
us that the presence within the heart of nervous structures capable of releasing 
epinephrine would provide a more plausible explanation, i.e,, the intracardiac 
sympathetic structures, sensitized by denervation, are stimulated by the ACh 
liberated during vagal stimulation. In any event, it seems necessary to investi- 
gate anew the problem of mixed motor and inhibitor vagal mechanisms. 

The interpretation which we give to our experimental results does not agree 
with the findings of Cannon and Lissak (6) who sho\ved that extracts of sympa- 
thetically denervated cat hearts did not exhibit the clear epinephrine effect 
(which was observed with extracts of normal hearts) on the blood pressure, the 
hypodynamic frog heart, the denervated iris, and nictitating membrane. These 
authors attribute their observation to the exclusive presence of post-ganglionic 
epinephrine-containing fibers in the heart, and they maintain, in the discussion 
of the paper, that there is no evidence for the presence of chromaffine tissue in 
the heart. However, they state that the extracts of the sympathetically de- 
nervated hearts, while having no effect on the blood pressure of the spinal cat 
or on the hypodynamic frog heart, still exhibit a slight epinephrine-like effect 
on the denervated iris and nictitating membrane; but these effects are regarded 
as being due to some other substance, rather than to epinephrine. 

Perhaps the acceleration of the chronically denervated heart, which has been 
used as an indicator of epinephrine secretion from the adrenal gland due to 
fright, cold and other stimuli, shoidd be interpreted as due in part to the epi- 
nephrine liberated by sympathetic structures in the heart itself. 
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So far, it has not been possible for us to obtain from the more recent literature 
morpholo^cal evidence in support of the hypothesis of an adreno-sympathetic 
apparatus in the heart. The gan^ion cells which have been described in the 
heart muscle tissue usually have been conddered as belonging to the vagal system. 
With morphological methods, however, it is not possible to decide whether or 
not some of these ganglion cells are connected with sjunpathetic fibers (16). 

The presence of chromaSine tissue in the heart could provide a morphologic 
basis for the phenomenon of epinephrine liberation under the action of ACh. It 
is a well known fact that the chromaffine cells of the adrenal medulla are inner- 
vated by preganglionic fibers and belong embryologically as well as functionally 
to the same tissue as the ganglion cells of the sympathetic lateral chain. Under 
the stimulus of ACh the chromaffine medulla cells release epinephrine (10). 
Other chromaffine cells of the body may behave in the same way to .similar 
stimuli. Thus it is believed that the chromaffine cells present in sympathetic 
ganglia are responsible for the liberation of epinephrine which is produced by 
stimulation of the ganglion with ACh (3). 

There are a few older papers in which the presence of chromaffine tissue in 
the heart has been described. Trinci (18) showed the existence of such forma- 
tions in the hearts of guinea pigs, cats and other mammals, and Wiesel (19) 
described the “Paragan^on cardiacum,” supposed to consist of chromaffine 
tissue and located near the origin of the left coronary artery of the human heart. 
Busacchi (5) made a more detailed investigation of the distribution of chromaffine 
tissue in the human heart and described it as being located in the neighborhood 
of both coronary arteries, and especially well developed near the left. 

We are unable to decide whether, in the case of the heart, we deal with 
ganglionic sympathetic structures, with chromaffine tissue, or with a combination 
of both. The evidence which we have obtained, however, supports the assump- 
tion that such structures in the heart do exist and play a rdle in the regulation 
of its activity. 


STJMMAET 

The injection of ACh into the isolated atropinized hearts of dogs, cats, rabbits 
and guinea pigs regularly causes an epinephrine-like effect, i.e., an increase of 
heart rate and amplitude, as well as a change of blood flow in the coronary vessels. 

The positive ino- and chronotropic effects of ACh are abolished by ergotamine, 
by curare, and by nicotine. 

The pharmacological characteristics of the stimulating action of ACh on the 
heart enable us to designate it as “nicotine-like.” 

In the perfusate of the isolated heart, it is possible to identify the presence of 
an epinephrine-like substance liberated when ACh or nicotine is injected into 
th6 heart. Under the stimulus of these drugs the perfusate acquires an activity 
which can be demonstrated by its positive inotropic action on the hypodynamic 
frog heart and by a relaxing effect on the rectal cecum of the fowl and on the 
small intestine of the rabbit. 
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There is satisfactory evidence that extravascular fluid is added to the circu- 
lation within a short time following blood withdrawal (Adolph, Gerbasi and 
Lepore, 1933; Price, Hanlon, Longmire and Metcalf, 1941). In studies on con- 
trolled hemorrhage which are reported elsewhere (Lawson and Rehm, 1945a, b), 
we obtained data on the apparent rate of fluid entrance at various stages of a 
continuous exsanguination. Plasma volume was measured as the dilution 
volume of the dye T-1S24 at the beginimg of the bleeding. The amount of dye 
removed in the bleeding was measured, and certain assumptions were made 
regarding the rate at which the remaining dye disappears into the tissues during 
the exsanguination. Estimates were obtained in this way of the total circu- 
lating dye at intervals during the bleeding, and were used, along with plasma 
dye concentration, for estimatmg the circulating plasma volume. The volume 
of fluid added to the circulation during the bleeding was calculated by subtract- 
ing the initial plasma volume from the sum of the volume drawn plus the volume 
remaining at the end. 

Circulating cell volumes were estimated from the plasma volumes and the 
percentage of cells in drawn blood. The reliability of such estimates is open to 
question, since the percentage of cells m certain parts of the cardiovascular sys- 
tem may be quite dififerent from that in drawn blood. The experiments of 
F&hreus (1929) suggest that blood occupying the smaller vessels may have a 
much lower hematocrit than the blood flowing through them. If any large 
part of the measured plasma volume occupies vessels of this sort, our methods 
should overestimate the circulating cell volume. Evidence for such an error 
has been obtained by Stead and Ebert from bleeding and reinjection experiments 
on splenectomized dogs (1941). Our studies employed intact animals, and were 
done in three stages: 1, an almost complete exsanguination; 2, injection of whole 
blood or eeU-free fluids; 3, complete exsanguination. Circulating cell volumes 
were estimated at the beginning and end of each stage and at intervals during 
each. The data suggest that the error is masked by contraction of cell reser- 
voirs during the first stage, but not thereafter. 

Methods. All observations were made on barbitalized intact dogs, three 
hours or more after the induction of anesthesia. Blood was drawn, from a 
femoral artery by free bleeding in unit volumes of 2 cc./kgm. at intervals of two 
minutes. The first bleeding was discontinued when mean arterial pressure, 
recorded from the other femoral artery, remained for two minutes below 20 mm. 
Hg. Heparinized autogenous blood or gelatin solutions were then injected, 
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usually in a volume of 36 cc./kgm. The second bleeding was begun approxi- 
mately four hours later, and was continued at the same rate as the first until 
mean arterial pressure remained permanently below 10 mm. Hg. 

Either 10 or 20 mgm. of the dye T-1824, depending upon the size of the dog, 
were injected twenty minutes before starting the first bleeding, and a second 
injection, usually 10 mgm., was given twenty minutes before starting the final 
bleeding. In selecting the dose to be given an attempt was made to keep the 
plasma dye concentration below 0.04 mgm./cc. so as to avoid rapid disappearance 
(Rawson, 1943). Blood samples were taken at the beginning, the end, and at 
intervals during the bleedings for plasma dye concentration and hematocrit 
determinations, care being taken to flush the cannula and collecting tube before 
sampling. These samples were drawn as part of the bleeding procedures, with- 
out interfering with the routine. 

Plasma dye concentration was determined with the Klett-Summerson photo- 
electric colorimeter. Hematocrits were measured by centrifuging for one hour 
at 2600 r.p.m. in a head with a radius of 20.0 cm. measured to the bottom of the 
centrifuge tubes. The hematocrits were corrected for trapped plasma by sub- 
tracting 8 per cent of the relative cell volume as suggested by the data of Chapin 
and Ross (1942). The mean corrected hematocrits were used for computing the 
drawn volumes of cells and plasma. The amount of dye withdrawn was calcu- 
lated from the volume of drawn plasma and its mean dye concentration. 

On the first bleeding approximately one hour elapsed between the dye injec- 
tion and the withdrawal of the last sample. On the final bleeding the interval 
was usually somewhat less. For these fairly short intervals it seemed safe to 
assume that our animals, if undisturbed, would lose dye at the rate of approxi- 
mately 10 per cent of the injected dye per hour, as found by Gregersen and 
Rawson (1943). The total circulating dye at the start of the first bleeding (one- 
third hour after the injection) was accordingly taken to be 0.967 X the amount 
injected. At the start of the final bleeding the total circulating dye was calcu- 
lated as 0.967 X (Di -1- D2), where Ds is the new dye injected, and Di the dye 
remaining in the circulation from the first injection. Methods for estimating 
Di are given below. Plasma volumes were calculated from the general formula 
D/C, where D is the estimated total circulating dye at the time of samplii^, 
and C is the plasma dye concentration in mgm./cc. Plasma volume at the 

0 

start of the final bleeding was calculated from the special formula — 7^, 

where Dg is the amoimt of dye injected twenty minutes earlier, Ci the plasma 
dye concentration immediately before the injection, and C2 the concentration 
‘at the start of the bleeding. Residual circulating dye just before the new dye 

injection was calculated as Di = Ci X 

It is not possible to predict, a priori, how the type of hemorrhage employed 
will affect the rate of dye disappearance into the tissues. Assuming that the 
rate remains at 10 per cent per hour of the total, as in undisturbed animals, we 
estimated the circulating dye at any time during the bleeding from the' formula 
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Do — d — 0.00167 t — I — where Do is the dye present at the start of the 

bleeding, d is the dye withdraw™ in the bleeding, and t is the duration of the 
bleeding in minutes at the time of the determination. Since dye is withdrawn 
in these experiments at a fairly rapid rate, the amount of dye which could dis- 
appear diminishes rapidly. Approximately the same values for dye disappear- 
ance w^ere obtained when more elaborate and rigorous calculations were substi- 
tuted for the crude formulation above. 

Results and discussion. Plasma volume. Data are summarized in the 
form of average values in figure 1. This method of presenting the data has a 
tendency to straighten the curves somewhat, since thgre are large individual 
variations in the slopes of the various segments. No consistent feature has been 
obliterated, however, or seriously distorted. Indi\ddual curves for plasma 
replenishment almost invariably have an increased slope after one- to two-fifths 
of the bleeding has been completed. The increase at this time in the apparent 
rate of plasma replenishment appears to coincide with the steep decline in. 
arterial pressure which has been described in earlier reports (Lawson, 1944). 
It was particularly noticeable on the final bleeding, as is shown in the figure. 

If the rate of dye disappearance into the tissues does not change during the 
bleeding, these data mean that extravascular fluid is added to the circulation at 
an increased I'ate when mean arterial pressure begins to fall as a result of bleed- 
ing. Using totally different methods, Adolph, Gerbasi, and Lepore (loc. cit.) 
found a mean rate of plasma dilution equal to 0.25 cc./kgm./min. following rapid 
moderate hemorrhage. The mean rate of plsama replenishment in our experi- 
ments, on the first bleeding, ^vas only 0.154 =b 0.0114 cc./kgm./min. If our 
values were larger than theirs, excessive dye disappearance might be suspected. 
The fact that our values are smaller may be attributed to differences in the type 
and volume of hemorrhage. If hemorrhage produces changes which result in 
excessive rates of dye disappearance, the rate of disappearance might be expected 
to be greater during the second than during the first bleeding. The mean rate 
of apparent plasma replenishment on the second bleeding was only 0.088 ± 
0.0119 cc./kgm./min., which is significantly less than the rate on the first. 

In experiments designed for the production of hemorrhagic shock, and employ- 
ing much slower rates of bleeding than ours, Price, Hanlon, Longmire and Met- 
calf (loc. cit.) found a mean rate of plasma replenishment equal to about 0.101 
cc./kgm. for each cubic centimeter of blood drawm. Their animals were prob- 
ably, during most of the bleeding, in a state not unlike our animals on the final 
bleeding. Our rate for the final bleeding, stated in equivalent terms, was 
0.088 cc./kgm. for each' cubic centimeter of blood drawn, which is in fairly good 
agreement. 

If dye were lost to the tissues at excessive rates during the bleeding, it would 
presumably have to escape along with the protein to which it is bound (Raw’son, 
loc. cit.). Dye which escaped during the first bleeding would not be expected to 
return to the circulation after the injection in our experiments since there is only 
a very slow replenishment of circulating protein (Ebert, Stead, Warren and 
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Fig. 1. The replenishment of plasma and cell volumes during bleeding. The values j 

given are the averages for 15 dogs. Volume replenishment at any instant during the 
bleeding was obtained as the sum of the volume drawn plus the volume remaining in the I 

circulation, minus the initial circulating volume. An individual* curve was constructed ; 

for each dog, the total duration was divided into fifths, and the values at these intervals 
were used for obtaining the averages. The solid lines give plasma replenishment, the 
broken lines cell replenishment. The solid circles give the values for the first bleeding; 
the hollow circles values for the final bleeding. Thirty-six cubic centimeters per kilogram 
of whole blood were given at the end of the first bleeding. The interval between bleedings 
w’as approximately four hours. 

Fig. 2. The relationship between dye and plasma retention. Plasma loss was calculated 
as the sum of the volume circulating at the end of the first bleeding plus the volume in- 
jected, minus the volume circulating four hours later. Average normal dye retention was 
calculated from our values for total circulating dye at the end of first bleeding, and the 

length of the interval, using the formula Dc (- 1 / 1 ) , where De is the amount of dye | 

estimated to remain in the circulation at the end of the first bleeding, I is the time in hours 
(3J to 4^ hrs.), and T has the average value 36,4 found by King, Cole and Oppenheimer in J 

normal dogs (loe. cit.). Total circulating dye at the'’ end of the interval was calculated | 

from the dye concentration and the plasma volume as measured by immediately subsequent i 

new dye injection. Solid circles give values for dogs injected with whole blood at the end | 

of the first bleeding, and open circles values for dogs injected with gelatin solutions. j 

Fig. 3. The excess gain of cells following injection, and the e.xcess loss during bleeding. | 

Average values are given as solid circles for dogs injected with whole blood (15 animals) i 

and as hollowr circles for dogs injected with gelatin solutions (24 animals). Three values i 

are given for each group : 1 . The measured circulating cell volume at the end the first bleed- , 

ing (not numbered in the figure), plotted at 0:0 for the first group and at 0:~2 for the 
second. Cell volumes at these points are 264 and 262 ccm., respectively. 2. The measured 
circulating cell volume four hours after the injection. 3. The measured circulating cell 
volume at death on the final bleeding. At each of these points the measured change in 
circulating volume is the sum of the changes on both axes. All volumes in cubic centi- 
meters of cells. 
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in normal dogs. Estimates of the residual circulating dye four hours after the 
termination of the first bleeding were made in all our experiments. Using the 
formula which was found by King, Cole and Oppenheimer to give the average 
rate of dye disappearance in normal undisturbed dogs (1943), we would expect 
to find remaining in our animals from 64 per cent to 69 per cent of the dye which 
was circulating at the end of the first bleeding, the percentage depending upon 
the exact length of the interval. Any large consistent error in our assumptions, 
or any deviation from the normal in the rate of dye disappearance during the 
four-hour interval, should cause a deviation in our average value. The average 
residual dye found at the end of four hours was 3.3 per cent in excess of the 
expected amount. The difference is not considered significant. There is con- 
siderable scatter in the data, which may not be any greater than the scatter 
observed in normal dogs, since the formula contains a constant whose coefficient 
of variation is approximately 0.50. 

The individual data are given in figure 2 as percentage deviations of the 
observed values from the expected average, and are plotted against the volume 
of plasma gained or lost following the injection. Practically all the dogs who 
received whole blood on the injection appear to have lost plasma. Data are 
given elsewhere which show” that this loss is nearly equal to the plasma volume 
gained during the bleeding, which suggests that the inflow^ of fluid during the 
bleeding is reversed by the injection (Lawson and Rehm, 1945a). Some of the 
dogs receiving gelatin solutions gained, and others lost plasma volume. These 
data are discussed elsewhere (Law”Son and Rehm, 1945b). It is apparent from 
the figure that very few” animals gained plasma and lost excessive amounts of 
dye; that most of the dogs injected with whole blood retained more dye than w^as 
expected, despite the loss of plasma; and that the greatest dye losses occurred in 
the gelatin treated dogs. It does not seem profitable to attempt an interpreta- 
tion of these data without additional information. They are introduced here 
as contributory, but admittedly inconclusive, evidence against excessively rapid 
rates of dye disappearance during the bleeding. 

Cell volvme. The changes in cell volume during the first bleeding are more 
variable than the changes in plasma volume. The terminal decline shown in 
the average cur^ns of figure 1 is much more marked in some individual cases, 
W’ith a slope which is nearly the same as the slope for the final bleeding. Curves 
for the final bleeding are Jess variable. In most cases cells appear to be lost 
throughout the bleeding in excess of the volume withdrawn. The rate of excess 
cell volume loss is nearly constant during the bleeding, as is shown in the figure. 

It is -well known that the spleen contracts during hemorrhage, and it is reported 
to remain contracted? in hemorrhagic shock even though blood is given by trans- 
fusion (Lewis, Werle and Wiggers, 1943). Withdrawal of circulating cells into 
the splenic and other cell reservoirs during the final bleeding can therefore be 
dismissed as improbable. Peripheral systemic trapping of cells could account 
for the excessive loss, but could hardly produce the nearly linear losses w”hich 
wnre observed. Such trapping should be confined to the terminal portion of the 
bleeding, when the flow has ceased in most systemic capillaries. 



204 


HAMPDEN LAWSON AND W. S. REHM 


The data of figure 3 throw considerable light on the mechanism, and suggest 
that a systematic error in our measurements of circulating cell volume is respon- 
sible for the apparent excessive loss of cells. The figure is constructed to show 
the measured circulating cell volume at the end of the first bleeding, and its 
change through the remaining stages of the experiments. No values prior to 
the end of the first bleeding are given in the figure. When cells were injected 
(whole blood experiments) the increase in circulating cell volume was 28.5 per 
cent greater than the volume of cells injected. When cell-free fluids were 
injected (gelatin experiments) there was no significant change in the measured 
circulating cell volume. When cells wei'e withdra'wn by bleeding, the loss in 
circulating cell volume in the first group was 30 per cent, and in the second group 
29 per cent greater than the volume withdrawn. On the final bleeding the 
circulating cell volumes in the gelatin-injected dogs were considerably smaller, 
as is shown in the figure, than in the dogs injected with whole blood. Their 
average cell volume at death was only 143 cc. as compared with 258 cc. at death 
in the whole blood experiments. Since the excess cell volume loss, as a per- 

TABLE 1 

All values are average cell volumes, in cubic centimeters . The expected terminal volume 
is the sum of the initial volume plus the volume reinjected, minus the total volume drawn 
{first and final bleeding) . The observed terminal volume is the volume remaining in the 
cardiovascular system at death. The first group of animals received whole blood, the 
second gelatin solutions, at the end of the first bleeding. 


NO. ANIMAIS 

1 

INITIAL VOL. 

VOL. REINJECTED 

TOTAL VOL, 
DRAWN 

EXPECTED TERM. 
VOL. 

OBSERVED TERM. 
VOL. 

15 

460 

172 

379 

253 

258 

24 

460 

0 

323 

137 

143 


centage of the volume withdrawn, is about the same in the* two groups, there is 
no reason to believe that the percentage changes appreciably with a reduction 
in the circulating cell volume. If it were possible to maintain the circulation 
indefinitely by injection of cell-free fluids, it thus appears that the cells would 
disappear completely from the drawn blood after the volume of cells drawn 
equaled about 77.5 per cent of the initial measured volume. It is probable that 
our methods overestimate all circulating cell volumes by an average of about 
29 per cent. That is to say, the true volumes are about 77.5 per cent of those 
measured. 

This estimate of the magnitude of the error is in good agreement with the 
estimate made by Stead and Ebert (1942). They bled splenectomized dogs 
repeatedly and reinjected plasma. The circulating cell volume one or two days 
later was found by method similar to ours to be 21 to 34 per cent less than the 
original volume minus the volume withdrawn. The close agreement between 
their data and ours suggests that our animals behave like splenectomized dogs 
after the first bleeding has been completed. 

If the measurements w'hich we made at intermediate stages are disregarded, 
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and the expected terminal cell volume is computed from the initial volume, the 
volume reinjected, and the volume drawn in the two bleedings, the phenomenon 
of excessive loss during exsanguination is completely masked. These data are 
given in table 1. It seems likely that cells are added to the circulation from cell 
resezwoirs during the first bleeding in just about sufficient volume to cover the 
error. If the error is assumed, on the strength of the data given in figure 3, to 
be constant at about 29 per cent throughout all stages of exsanguination, the 
cell reservoirs must have added to the circulation during the first bleeding a 
volume of cells equal to slightly more than 29 per cent of the volume drawn. 

SUMMARY AND CONCLUSIONS 

No evidence was obtained for an increase in the rate of disappearance of the 
dye T-1824 during almost complete exsanguination or in the four-hour period 
following reinjection of blood, in experiments on barbitalized dogs. Indirect 
measurement of circulating plasma volume during exsanguination therefore 
seems legitimate. Such measurements indicated that fluid was added to plasma 
at the mean rate of 0.154 rb 0.0114 cc./kgm./min. when blood was drawn at the 
rate of 2 cc./kgm./2 min. until mean arterial pressure fell below 20 mm. Hg. 
When the animals were kept alive by reinjection of blood, and were bled to death 
at the same rate four hours later, the rate of plasma replenishment during the 
second bleeding was only 0.088 ± 0.0119 cc./kgm./min. The rate of addition 
of fluid to plasma was usually increased at the time when arterial pressure began 
to decline steeply during the bleeding. 

Evidence was obtained that the circulating cell volume is over-estimated by 
an average of about 29 per cent if it is calculated from the plasma volume and the 
hematocrit in drawn blood. When measured by this method, the gain in circu- 
lating cells following injection was about 29 per cent greater than the volume 
injected; and the loss during bleeding was about 29 per cent greater than the 
volume withdrawn. The percentage error seems to remain fairly constant 
throughout all stages of exsanguination. The error appears in most cases to 
be completely masked during the first bleeding in our experiments, presumably 
by expulsion of cells from the cell reservoirs. 
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It is reasonable to suppose that the volume of blood-loss required to stop the 
circulation will vary with certain changes in the state of the cardiovascular sys- 
tem. Simms, in 1942, determined the fatal hemorrhage volume in rats, and 
found that the average volume changed with the age of the animals. Methods 
have been described by the present authors for measurement of the change in 
fatal hemorrl^ge volume in dogs (Lawson, 1943, 1944; Lawson and Rehm, 1943). 
A control estnnate is obtained by extrapolation after incomplete exsanguination. 
The final measurement is made by bleeding until the circulation stops perma- 
nently. Under the conditions of the previous studies, when all or a moderately 
large part of the drawn blood was reinjected at the end of the control bleeding, 
the fatal hemorrhage volume a few hours later was found to be equal to the sum 
of the residual and the reinjected volumes. The empirical data thus provided 
no evidence that the control bleeding pi'oduced any irreversible impairment of 
the ability to withstand hemorrhage except for the net loss of blood volume 
incurred in the bleeding and reinjection. In all of these studies the control 
bleeding was discontinued w’hen mean arterial pressure fell below 60 mm. Hg, 
or after no more than 10 cc./kgm. had been drawm below 60 mm. 

The present studies were undertaken because extrapolation for the residual 
bleeding volume at 60 mm. Hg was found to be unreliable in periods of very warm 
weather (unpublished data). This report presents data on animals which were 
bled during the control observations to considerably lower end-points (below 
20 mm. Hg mean arterial pressure), at which the accuracy of extrapolation for 
the small residual volume does not seem to be subject to seasonal variations. 
These animals, when reinjected with blood, were consistently found on subse- 
quent bleeding to yield less than the sum of the residual and the reinjected 
volumes. The general equation for the fatal hemorrhage volume as measured 
in our experiments is: 


H - Q + / - L, 

where H is the volume dimm by controlled arterial hemorrhage before the circu- 
lation comes to a standstill (termed the bleeding volume), Q is the blood volume 
at the start of the hemorrhage, I is the volume gained from extravascular sources 
during the bleeding, and L is the liminal volume required to keep blood flowing 
into the arteries (Lawson, 1944). A loss of bleeding volume, as in the present 
experiments, must accordingly be due to a decline in the values for Q or 7 in the 
equation, or to an increase in the value for L, An attempt was made to derive 
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the values which would be expected for each of these factors if the reinjection of 
blood produces complete reversal in proportion to the volume injected. These 
values were compared vith the values actually found on the final bleeding. 
Derivation of expected values. The values actually measured were: 

Qo = blood volume at the start of the control observations. 

Qie = blood volume at the end of the control bleeding. 

Hia = volume drawn in control bleeding. 

R = volume reinjected at end of control bleeding. 

Q 2 = blood volume at the start of the final bleeding, about four hours after 
the reinjection. 

H 2 = volume dravm in final bleeding. 

L 2 = blood volume at the end of the final bleeding, i.e., w^hen the circulation 
of blood ceases. 

Values which were assumed or calculated were: 

Hu — residual bleeding volume at the time the control bleeding is discon- 
tinued. Assumed to have a value of 5 cc./kgm. on the strength of 
data presented below^ 

11 ~ volume gained from extravascular sources during the control bleeding, 

calculated as h = Hu + Qu — Qo. 

1 2 = volume gained from extravascular sources during the final bleeding, 

calculated as /s = Fs + La — Q 2 . 

At the time the first bleeding is discontinued, the small residual bleeding 
volume is: 


Hie = Qu + lie ““ Lie, 

where he is the additional volume which would be gained from extravascular 
sources if the bleeding were continued to stoppage of the circulation, and Lu 
is the blood volume wdiich would be required to maintain a minimal cardiac 
output at the end of a complete exsanguination. Since any value for / is a 
function of time, and since the first bleeding is nearly a complete exsanguination 
in these experiments, he must have a very small value unless there is an ex- 
cessively rapid rate of blood replenishment during the last portion of a complete 
exsanguination. There is no e\ddence for a terminal increase in the rate of blood 
replenishment (Lawson and Rehm, 1945). For the sake of simplicity it is 
therefore permissible to give lie a value of 0. Furthermore, if the bleeding ■were 
continued past the present end-point to stoppage of the circulation, the volume 
remaining in the cardiovascular system at death would be called Li in conformity 
vith the terminology employed. The residual bleeding volume at the end of 
the first bleeding is accordingly 

Hu = Qu — Li (a). 

For the derivation of expected values it may be assumed that under ideal 
conditions the reinjection at this time of a volume R of blood will reverse all 
the changes which have occurred while the last R volume was being vithdraivui. 
If this were the case, any volume of fluid or cells added to the circulation during 
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withdrawal of R should leave the circulation after E has been reinjected. If 

IiR 

volume replenishment occurs at a constant rate throughout the bleeding, -~ 


must enter the circulation during withdrawal of and leave the circulation 
after its reinjection. This formulation is obviously inexact if the rate of volume 
replenishment changes during the bleeding, as seems to be the case (Lawson 
and Rehm, 1945). But so long as the volume R is not very different from the 
volume Hia^ as in the present experiments, the error in the formulation should 
not be large. It may be expected, therefore, that a steady state will be reached 
some time after the reinjection, -with a circulating blood volume equal approxi- 


mately to Qic + 

tLla 

If the animal were now completely exsanguinated, the volume %dded during 

I R 

the bleeding should again be equal to ^ , and the volume remaining in the 

JLlla 


cardiovascular system at death should have its original value Li. From equa- 
tion a: 


Ll = Qle Hie (b) 

The equation for the final bleeding volume under these ideal conditions should 
therefore be: 

H, = (qi. + 2? - g _ {Q,. - Hu) (c) 

= Hu + R (d) 

In the actual experiments the observed final bleeding volume is 

JTg = Q 2 + “ L 2 (e) 

The present study undertakes to determine whether the deviations of from 
its expected ideal value as given in equation d are due to deviations in Q 2 , I 2 , 
or L 2 from their ideal values as formulated in equation c. 

Methods. Normal mature street dogs were deprived of food and water for 
approximately 24 hours before beginning the experiments. They were allowed 
moist food but no water on the last feeding, and were accordingly probably 
somewhat more dehydrated than the animals of the previous studies. They 
were anesthetized by a single intravenous injection of 250 mgm./kgm. of sodium 
barbital at least three hours before starting the observations. Some of the ani- 
mals, designated as saline-pretreated, received 15 cc./kgm. of 0.9 per cent NaCl 
solution intravenously immediately after the barbital injection. 

Blood was drawn from a femoral artery by free bleeding in unit volumes of 
2 cc./kgm., repeated at intervals of two minutes. Mean arterial pressure was 
recorded from a mercury manometer connected with the other femoral artery. 
A straight manometer was used to facilitate the accurate reading of low pressures. 
To ensure a standard procedure, bleeding w^as continued during the first observa- 
tions until pressure remained below 20 mm. Hg for an entire two minute period. 
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In the experiments reported here, 36 cc./kgm. of heparinized autogenous blood 
were then reinjected, the injection being started immediately and completed 
within four to eight minutes. When less than this volume was available for 
injection, autogenous blood was supplemented vdth freshly drawm donor blood. 

Respiration was recorded from a sternal pneumograph in order to detect pre- 
mature cessation of breathing. Animals whose breathing ceased more than two 
minutes before the 20 mm. endpoint was reached usually either died or had very 
low bleeding volumes after the reinjection. Lesser degrees of premature 
respiratory failure appeared to be without effect on the subsequent course of the 
experiments. Premature failure of breathing was observed more frequently in 
periods of very warm weather. Manual artificial respiration was given after 
the beginning of the reinjection if spontaneous breathing did not start within one 
minute. Artificial respiration was never employed before starting the reinjec- 
tion on the first observations, or at any time during the final bleeding. 

The final bleeding was done in the same manner as the first. It was begun 
approximately four hours after the reinjection, and was continued imtil mean 
arterial pressure remained permanently below 10 mm. Hg, an endpoint which 
nearly coincides with disappearance of the arterial pulse. As a rule breathing 
ceased on the final bleeding while mean arterial pressure was above 20 mm. Hg. 

Direct measurements of plasma volume were made at the beginning of both 
the control and the final bleeding, by a modification of the method of Gibson and 
Evans (1937) . Indirect measurements were made at intervals during both bleed- 
ings and at their termination. Circulating cell volumes were calculated from 
the plasma volumes and the cell: plasma ratios in drawn blood, A detailed 
description of the methods used, and a critical examination of their validity, 
have been given elsewhere. The data on plasma volume are probably reasonably 
reliable. The values for circulating cell volume are probably something like 29 
per cent too high (Lawson and Rehm, 1945). 

Results. The residual bleeding volume at 20 mm, Hg mean arterial 'pressure. 
Forty-six dogs have been bled to death at the present hemorrhaige rates on the 
first observation. The average volume drawn below 20 mm. Hg was 4.96 
cc./kgm., with a standard deviation of 2.22 cc./kgm. Twenty-eight of these 
were dehydrated for 24 hours; 18 were saline-pretreated. The means with their 
standard errors for the two groups were 5.14 dz 0.554 and 4.66 d= 0.397 cc./kgm. 
respectively. It thus appears that the bleeding volume below 20 mm. is rela- 
tively uninfluenced by the state of hydration. A similar comparison of summer 
and winter animals fails to reveal any significant difference. The data have 
been gathered over a period of two years, and probably contain adequate samples 
of seasonal and climatic variations. In rare instances a single unit withdrawal 
at a time when pressure w^as still above 20 mm. caused a precipitous fall in 
pressure with stoppage of the circulation. Such animals were not used in the 
experiments. .It is accordingly known that at least one more unit withdrawal of 
2 cc./kgm. would be required to stop the circulation in all the experiments. At 
0.05 probability, therefore, the residual bleeding volume at 20 mm. Hg lies 
between 2 and 9.40 cc./kgm. The value used in the calculations (Hie) was 
5 cc./kgm. 
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Figure 1 shows the relationship between, the circulating blood volume at 20 mm. 
and the initial circulating volume. It is apparent from the figure that the 
relative invariability of the residual bleeding volume at 20 mm. is not due to any 
lack of variation in the blood volume remaining in the circulation at this level. 
The liminal volumes required for the circulation, i.e., the volumes remaining at 
death, may be approximated by subtracting 5 cc. from the 20 mm. volumes given 
in the figure. In this form the figure shows the relationship between the liminal 
blood volume and the volume maintained by the intact animal. The figure 
suggests that there is a nearl}’ straight-line relationship between the two volumes. 
A corollary to this is the observation that the volume of blood obtained in the 
first bleeding has no fixed relation to the initial blood volume, since animals with 



Fig. 1. Blood volumes are the sum of plasma and cell volumes, and are given as cc./kgm. 
body weight. The equation for the line is: Q 20 = 1.261 (Qo - 42.80) where Q 20 is the circu- 
lating blood volume when mean arterial pressure has been lowered to 20 mm. Hg by this 
type of bleeding, and Qo is the initial blood volume. Q 20 == Qu in all the formulations of 
this report. 

large initial blood volumes are likely to have large liminal volumes. There seems 
to be a similar straight-line relationship, with less scatter in the data, between 
initial and terminal plasma volume. 

The apparent gain of plasma and cells during the bleeding. These data are 
given in detail elsewhere (Lawson and Rehm, 1945). They are summarized 
in the form of averages in table 1 A. Only about half as much plasma replenish- 
ment was measured on the final bleeding as on the first. This cannot be as- 
cribed entirely to the shorter duration of the final bleeding. The average rate 
of plasma gain fell from 0.144 cc./kgm./min, during the first bleeding to 0.073 
ce./kgm./min. during the final bleeding in the dehydrated group, and from 0.165 
to 0.103 cc./kgm./min. in the pretreated group. 
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The apparent excessive loss of cells on the final bleeding is attributed to the 
error in estimating circulating cell volumes by our methods, which was men- 
tioned above. If we are correct in our estimate of the magnitude of the error, 
the volume of cells added to the circulation from cell reservoirs during the first 
bleeding is considerably greater than the data of the table indicate. Taking 
22 cc./kgm. as the average volume of cells dravm in the first bleeding, approxi- 
mately 6.4 cc./kgm. of cells must have been added during the bleeding to mask 
the error. The total cell volumes added during the first bleeding are therefore 
probably about 6.4 cc./kgm, greater than the volumes shown in the table. 

The liminal circulating blood volume. The data are given as averages for the 
two groups in table 1 B. The liminal volume for both plasma and cells appears 
to be increased on the final bleeding in the dehydrated group, and to be relatively 
unchanged in the pretreated group. The increase in the dehydrated group is 

TABLE 1 

Section A gives the volumes of plasma and cells which appear to be added to the circula- 
tion during the bleedings. These volumes are calculated by subtracting the starting 
volume from the sum of the volume drawn and the volume remaining at the end of the 
bleeding. Section B gives the liminal volumes of plasma and cells required for the circula- 
tion. On the first bleeding these are estimated as 2.5 cc./kgm. less than the volumes found 
when the bleeding was discontinued. On the final bleeding they are the volumes found 
just before the circulation ceased. The values given are the averages for seven dehydrated 
and seven saline-pretreat ed animals, in cubic centimeters per kilogram body weight. 



FIRST BUEEDING 

1 SECOND BLEEDING 

COKDITION 



i 





Plasma 

Cells 

Total I 

Plasma 

1 Cells 

Total 


A. Volume added during hemorrhage 


Dehydrated 

5.46 

1.54 

7.00 

2.41 

-4.29 

-1.88 

Pretreated 

7.20 

-0.84 

1 

6.36 

3.64 

-5.17 

-1.53 


B. Liminal volume 

Dehydrated 

27.40 

21.31 

48.71 

30.80 

27.69 

58.49 

Pretreated 

33.97 

19.49 

53.46 

32.83 

19.87 

52.70 



probably somewhat less than these data indicate, as a result of the error in 
estimating circulating cell volumes. The measured increase is much too large 
to be attributed to the error alone, however, as is shown in table 3, part B. 

The volume of circulating blood after the first bleeding and replacement The 
data are given as individual values in table 2. In general the plasma volumes 
are in fairly good agreement with their expected ideal values. There does not 
appear from the table to be a significant difference between the pretreated and 
the dehydrated dogs in this respect. Cell volumes are as a rule larger than the 
expected values. This could be due to the error in estimating circidating cell 
volumes, to a failure of the cell reservoirs to remove cells after the injection in 
the same volume as were added during the bleeding, or even to continued expul- 
sion of cells from the reservoirs after the injection. The values which appear in 
the last two columns of the table were obtained by calculating the true circu- 
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lating cell volumes as 77.5 per cent of the measured volumes to cover the average 
suspected error, and by computing the expected cell volumes simply as the sum 
of the residual and the reinjected cell volumes. The observed and the expected 
values, when so derived, are in fairly good agreement. We suspect, for this 
reason, that reliable measurements of circulating cell volume would show the 

TABLE 2 

Qu is the volume remaining in the circulation at the end of the first bleeding. B is the 
volume injected at the end of the first bleeding. Qh is the expected volume after attain- 
ment of a steady state following the injection. It is computed from the equation Qh = Qu 
1 B 

B — where /lis the total volume replenishment during the first bleeding, and Hia 

B-ia, 

is the volume drawn on the first bleeding. Qu is the observed circulating volume approxi- 
mately four hours after the injection. is the expected cell volume computed as 0.775 
Qu + Bj and Qg is 0.775 X the observed cell volume. All Volumes as cubic centimeters 
per kilogram of body weight. 


DOG t?0. 


PLASMA VOLUME 



CELL VOLUME 


CELL VOLUME 
REVISED 



M 

Hia 





hR 

Sia 






Oi- 

R 

Qh 

02 

Qie 

R 

Qh 

Q2 

Qh' 

Qf^' 

Dehy- 

drated 













1 

22.0 

19.0 

3.5 

37.5 

38.2 

18.2 

17.0 

2.0 

33.2 

40.0 

31.1 

31.0 

2 

39.7 

19.3 

7.8 

51.2 

41.4 

42.5 

16.7 

17.6 

41.6 

57.7! 

49.6 

44.7 

3 

27.4 

18.4 

3.6 

42.2 

44.8 

24.4 

17.6 

-1.6 

43.6 

48.6 

36.5 

37.7 

4 

31.3 

17.6 

4.2 

44.7 

47.5 

32.7 

18.4 

0.0 

51.1 

58.6 

43.7 

45.4 

5 

32.3 

20.3 

5,8 

46.8 

40.2 

21.5 

15.7 

-0.8 

38.0 

49.2 

32.4 

38.1 

6 

26.9 

21.1 

5.9 

42.1 

40.3 

18.7 

14.9 

2.1 

31.5 

37.2 

29.4 

28.8 

7 

38.0 

21,5 

5.6 

53.9 

61.5 

21.9 

14.5 

-1.3 

37.7 

45.4 

31.5 

35.1 

Average . . 




45.49 

44.84 




39.53 

48.10 

36.31 

37.26 

Pretreated 













8 

44,6 

19.7 

7.2 

57.1 1 

56.7 

31.0 

16.3 

-3.4 

50.7 

54.0 

40,3 

41.8 

9 

32.1 

19.7 

5.1 

46.7 

45.8 

23.0 

16.3 

0.7 

38.6 

42.3 

34.1 

32.8 

10 

25.1 

19.9 

4.6 

40.4 

45.9 

17.2 

16.1 

0.0 

33.3 

39.5 

29.4 

30.6 

11 

29.6 

19.7 

4.8 

44.5 

47.1 

23.0 

16.3 

4.4 

34.9 

43.7 

34.1 

33.9 

12 

44.0 

24.1 

7.8 

60.3 

55.4 

19.0 

11.9 

-1.3 

32.2 

31.7 

26.6 

24.6 

13 

45.8 

23.4 

4.5 

64.7 

54.6 

18.7 

12.6 

-6.0 

37.3 

33.7 

27.1 

|26.1 

14 

34.1 

20.8 

6.2 

48.7 

45.0 

21.0 

15.2 

-1.4 

37.6 

33.0 

31.5 

25.6 

Average. . . 




51.77 

50.07 




37.80 

39.70 

31.87 

30.77 


circulating volume four hours after the injection to be nearly equal to the sum 
of the residual and the reinjected volumes. This would mean that expulsion 
of cells from the reservoirs is complete by the time the first bleeding is finished, 
and that the reservoirs are not refilled vfith cells following the injection. 

The Heeding volume after exsanguination and replacement. The final bleeding 
volumes are given in table 3, part A, in the form of averages. Included in the 
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table are some animals for whom no data are available except the empirical 
values for bleeding volume. The average final bleeding volume for the 14 
dehydrated dogs was 31.3 zb 1.62 cc./kgm. The average for the 18 pretreated 
dogs was 36.6 db 0.78 cc./kgm. The expected value is approximately 41 cc./kgm. 
in both groups {Hie + -K = 36 + 5). The average loss of bleeding volume after 
the reinjection is thus 5.3 cc./kgm. greater in the dehydrated than in the pre- 
treated group. An equation for gain of bleeding volume, in which a negative 


TABLE 3 


All values are average whole blood volumes as cc./kgm., obtained as the sum of plasma 
and cell volumes. Hia is the volume drawn on the first bleeding. the volume drawn 

on the final bleeding. — Qh is the difference between the observed and the e.xpected 
circulating volume at the start of the final bleeding, obtained from table 2. L 2 — La is 
the difference between the observed and the expected liminal volume on the final bleeding, 
obtained from table 1 B by taking La equal to the liminal volume on the first exsanguina- 
tion. LTa — Eh is the difference between the observed and the expected final bleeding 
volume, obtained by taking En equal to 41 cc./kgm. ~ h is the difference between the 
observed and the expected volume replenishment on the final bleeding, h is given in 


I R 

table 1 A, under the second bleeding, h is given in table 2 as , Part A gives unrevised 

Eia 

values. In part B, circulating cell volumes were calculated as 77.5 per cent of the observed 
values, and the expected cell volume at the start of the final bleeding was computed as the 
residual plus the reinjected volume. Groups marked with an asterisk appear in both parts 
of the table. 


NO. DOGS 

CONDITION 

Mia 

Hi 

Qi - Qh 


Li-lh 

Mi ~~Hh 

Part A 
7* 

Dehydrated 

40.0 

32.59 

7.92 

-6.55 

9.78 

-8.41 

7 

Dehydrated 

46.9 

30,00 




-11.00 

7* 

Pretreated 

45.4 

35.69 

0.20 

-6.27 

-0.76 

- 5.31 

11 

Pretreated 

54.5 

37.27 




- 3.73 

Part B 
7* 

Dehydrated 

40.0 

32.59 

0.94 

zfcl.266 

-3.12 I 
±4.080 1 

6.23 

±4.445 

-8.41 

7 * 

Pretreated 

45.4 

35.69 

-2.80 

d=2.504 

-3.05 

±0.554 

-0.54 

±2.795 

- 5.31 


value means a loss, can be obtained as the difference between the equation for 
observed and the equation for expected bleeding volume (equation e — equation c 
as given in the introduction). The equation may be written in the form : 

- Ha - {Q2 - Qn) + (I2 “ Ik) - (L2 - U), 

where subscript ^ denotes the observed, and subscript h the expected values; 
and where H is bleeding volume, Q is blood volume at the start of the bleeding, 
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I is volume replenishment during the bleeding, and L is the liminal circulating 
volume. The data in the last four columns of table 3 are given in the form 
required for this equation. The values in part A are unrevised volumes. Those 
in part B are corrected for the suspected error in the measurement of circulating 
cell volumes, and include the modification of the expected cell volumes suggested 
in the foregoing section. Essentially the same conclusions may be drawn from 
either set of data. The loss of bleeding volume in the dehydrated dogs can be 
attributed entirely to an elevation of their liminal circulating volumes, positive 
and negative deviations in the two remaining factors in the equation nearly 
canceling out. An elevation of the liminal volume does not occur in the pre- 
treated dogs. The small loss of bleeding volume which was observed appears 

TABLE 4 

The end-point is the level of mean arterial pressure, in mm. Hg, at which the first bleed- 
ing was terminated. Hie is the residual bleeding volume assumed to be unwithdrawn at 
the end-point, on the basis of control studies. R is the volume reinjected. Hh is the 
expected final bleeding volume approximately four hours after the injection, calculated as 
Hie + H- H 2 is the observed final bleeding volume. All volumes are average whole blood 
volumes, and are given as cubic centimeters per kilogram of body weight. Means for H^ 
are given with S.E. 


so. DOGS 

CONDITION 

END-POINT 

Exe 

R 

Eh 

Ez 

Ei - Eh 

14* i 

Dehydrated 

mm. 

60 

22.5 

20 

42.5 

40,53 

±0.69 

-1.97 

14 

Dehydrated 

20 

5.0 

36 

41.0 

31.3 

±1.62 

-9.70 

7 

Pretreated 

60 

22.5 

20 

42.5 

36.9 

±1.50 

-5.6 

18 

Pretreated 

20 

j 

5.0 

36 

41.0 

36.6 

±0.78 

-4.4 


^ Lawson, 1944. 


to be due to a moderate loss of blood volume after the reinjection, and to a reduc- 
tion in the ability to replenish volume during hemorrhage. 

Table 4 summarizes the available empirical data on the loss of bleeding volume 
after partial exsanguination to two different endpoints, and reinjection of blood. 
The volume of blood which can be drawn after mean arterial pressure has fallen 
to 60 mm. Hg does not appear to be significantly different in pretreated and in 
dehydrated dogs (unpublished data) . The residual bleeding volume was accord- 
ingly taken to be 22.5 cc./kgm. in the pretreated as well as in the dehydrated 
animals which were reinjected at this endpoint (Lawson, 1944). In pretreated 
animals the loss of bleeding volume appears from the table to be about the same 
lor the two endpoints. The data thus offer no evidence that continued bleeding 
to lower pressure levels does additional damage in pretreated dogs. It is possible 
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that the first bleeding is in no way responsible for the bleeding volume losses 
observed in these animals, and that all the changes noted in table 3 would occur 
vfith time alone. 

In contrast, the dehydrated dogs appear from the table to suffer significantly 
greater losses of bleeding volume after replacement at 20 mm. than after replace- 
ment at 60 mm. The excessive losses in this group must result from changes 
occurring during the terminal portion of the first bleeding. It has already been 
shovm that as much as 10 cc./kgm. can be drawn below the 60 mm. endpoint 
•without affecting the subsequent loss of bleeding volume (Lawson, 1944). 

Discussion. If the data on circulating cell volumes are thrown out on grounds 
of unreliability, it becomes, of course, impossible to construct complete equations 
for bleeding volume. The conclusions which may be drawn from the remaining 
data on plasma volumes, hownver, are not materially different from those w^hich 
are drawn from the data on whole blood volumes. The rate of plasma replenish- 
ment is less during the second bleeding than during the first. This could mean 
depletion of extravascular fluids by the first bleeding, or impairment of vasomotor 
mechanisms which are important in their mobilization. The liminal plasma 
volume required for the circulation of blood is elevated in the dehydrated but not 
in the pretreated animals following the first bleeding and reinjection. This value 
should depend upon the state of vasomotor mechanisms which are responsible 
for cardiac filling, as well as upon the state of the heart itself. A heart which 
has been damaged in certain •^vays may be expected to fail to deliver blood to the 
arteries while there is still a comparatively large volume being returned to it. 
Similarly, failure of peripheral mechanisms w’-hich aid in returning blood to the 
heart should produce circulatory failure while the volume in the vascular system 
is still relatively large. The elevated liminal volumes in the dehydrated dogs sug- 
gest that one or both types of damage have been produced. The prevention 
of this type of damage by saline pretreatment is in conformity with a large 
amount of clinical and experimental data. Plasma volumes four hours after 
the reinjection are usually less than the sum of the residual and the reinjected 
volumes. The volume of plasma which disappears from the circulation after the 
reinjection appears to be very nearly equal to the volume which enters during 
the bleeding. If the fluid which enters during the bleeding is protein-free, and 
if it is brought in only by the low^ering of capillar 3 ’’ filtration pressure, it would 
be expected to leave the circulation after the reinjection, when capillary pressure 
is restored. There was no consistent loss of plasma volume in excess of the 
amounts expected from these causes. There is thus no evidence from our 
experiments that endothelial damage is done in the first bleeding such as to 
permit excessive protein leakage. Such damage may, of course, have occurred 
in the occasional animals which died following the first bleeding (one in the 
present experiments). 

The cell-volume data are included for the purpose of obtaining a more com- 
plete comparison of the dehydrated and the pretreated animals. We are not 
prepared to suggest that true values for cell volumes can be obtained by applying 
average corrections to all the data as in tables 2 and 3. The values obtained in 
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this way seem more reasonable, and are probably somewhat closer to the true 
values, on the average, than the unrevised data. In order to use more reliable 
methods for the measurement of cell volume during and at the end of the bleed- 
ings, we would have been forced to modify considerably our bleeding and rein- 
jection routines. 

SUMMAEY AND CONCLUSIONS 

Barbitalized moderately dehydrated dogs were almost completely exsangui- 
nated by controlled bleeding in order to determine the liminal circulating blood 
volume. There appears to be a nearly straight-line relationship between the 
circulating blood volume in the intact un-bled animal, and the liminal circu- 
lating volume. When the animals were kept alive by reinjection of blood, the 
liminal circulating volume as determined by a second, complete exsanguination, 
was usually considerably elevated. The circulating plasma volume at the start 
of the final bleeding was usually less than the sum of the volume remaining at 
the end of the first plus the volume reinjected, by an amount which is nearly 
equal to the volume of extravascular fluid added during the first bleeding. It 
thus appears that nearly all the fluid which enters the circulation during the 
first bleeding leaves the circulation after the reinjection. If allowance was made 
for a systematic error in the measurement of circulating cell volumes, the cell 
volume at the beginning of the final bleeding appeared to be nearly equal to 
the sum of the residual and the reinjected volumes. No reinjected cells thus 
appear to be withdrawn from the circulation. The average volume of blood 
dra\TO on the final bleeding was 9.7 cc./kgm. less than the sum of the residual 
bleeding volume, as estimated from control studies, and the volume reinjected. 
The elevation of the liminal circulating volume is just about enough to account 
for this loss of bleeding volume. 

In similar experiments on dogs pretreated by intravenous injection of 15 
cc./kgm. of 0.9 per cent NaCl solution, there was no elevation of the liminal 
circulating volume on the final bleeding. The average volume of blood drawn 
on the final bleeding 'was only 4.4 cc./kgm. less than the sum of the residual 
bleeding volume and the volume reinjected. This moderate loss of bleeding 
volume follomng the reinjection appears to be due to a decline in circulating 
blood volume during the interval, and to a reduction in ability to replenish 
volume on the final bleeding. These changes cannot be attributed with assur- 
ance to any damaging effects of the first exsanguination, since the loss of bleeding 
volume in pretreated dogs is equally great if the first bleeding is terminated long 
before the exsanguination is complete. In dehydrated dogs the loss of bleeding 
volume is much less when the first bleeding is terminated earlier. 
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Moderately dehydrated dogs have been shown to undergo irreversible changes 
during severe controlled hemorrhage, such that, even though the drawn blood is 
reinjected, their ability to withstand subsequent bleeding is impaired (Lawson 
and Rehm, 1945a). The fatal hemorrhage volume (bleeding volume) a few 
hours later is usually less than the volume of blood reinjected. It is always less 
than the reinjected volume plus the residual bleeding volume which the animal 
had at the termination of the first hemorrhage. The factors which determine 
bleeding volume are: a, the circulating volume at the start of the bleeding; 
b, the volume which is added to the circulation during the bleeding, and c, the 
liminal circulating volume. The reduction in bleeding volume under these 
experimental conditions appears to be due largely to an elevation of the liminal 
volume which is required to maintain the circulation. These changes may be 
prevented or greatly reduced by injecting isotonic sodium chloride solution 
intravenously a few hours before starting the experiments. 

The present study shows the degree of reversal which is obtained when plasma, 
serum, certain gelatin solutions, and 0.9 per cent NaCl solution are given at the 
end of the first bleeding in place of the drawn blood. A comparative study of 
this sort has already been reported (Lawson and Rehm, 1943a). The type of 
hemorrhage employed, and the volumes of replacement were quite different 
from those of the present studies. The relative efficacy of the various replace- 
ment fluids as determined under the present conditions is not identical with that 
of the former report. 

It is obvious that a foreign colloidal solution, when used for replacement in 
experiments of this type, may maintain for the next several hours a larger cir- 
culating volume than whole blood, provided its effective osmotic pressure is 
greater than that of blood. Under these conditions harmful effects of the foreign 
colloid could produce considerable elevation of the liminal circulating volume, 
or marked impairment of the volume replenishing mechanisms which operate 
during hemorrhage, without causing an excessive reduction in the ability to with- 
stand hemorrhage. In the studies on gelatin solutions, therefore, an attempt 
was made to obtain, in addition to the empirical data on bleeding volume, data 
on each of these limiting factors. 

Methods. Barbitalized dogs, which had been deprived of water for 24 
hours, were bled by controlled arterial hemorrhage at the rate of 2 cc./kgm. every 

1 Aided by a grant from the Knox Gelatine Company, Camden, N. J. 
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two minutes until mean arterial pressure fell below 20 mm. Hg. Details of the 
method have been given elsewhere (Lawson and Rehm, 1945a). The residual 
bleeding volume at this level of exsanguination, as determined by control studies, 
has been shown to be relatively constant, with an average value in the neighbor- 
hood of 5 cc./kgm. Injection of the replacement fluid w^as started immediately, 
and was completed wdthin four to eight noinutes. Serum and heparinized plasma 
were freshly prepared from the pooled blood of three to six donor dogs. Since, 
in confirmation of the earlier study, no difference w^as observed between serum 
and plasma, the data for the tw’^o are summarized together. Three grades of 
gelatin were studied, all of 'which were prepared from a similar beef ossein pre- 
cursor. Gelation P-20 is the least degraded (largest average molecular weight), 
L-80 is an intermediate grade, and B-20610-5P is so far degraded that 5 per 
cent solutions remain fluid at ordinarj^ room temperatures. A more complete 
characterization of these gelatins can be found elsewhere (Cohn, Scatchard and 
others, 1944). 

The final bleeding 'was begun approximately four hours after the injection of 
the replacement fluid, and "was continued, at the same rate as the first, until mean 
arterial pressure remained permanently below 10 mm. Hg. 

No animals were excluded from the comparative data on bleeding volume 
except for premature respiratory failure on the first bleeding (see preceding 
report), or in cases where the drawn volume on the first bleeding was less than 
30 cc./kgm. Animals which died within four hours of the replacement wnre 
recorded as having a final bleeding volume equal to 0. They obviously could 
not be included in the study on limiting factors. The comparative data pre- 
sented in the latter "were accordingly obtained on a selected group of animals, 
and are of limited usefulness in judging the relative efficacy of the fluids. 

To obtain data on the limiting factors, plasma and cell volumes were measured 
at the beginning and end of both bleedings. The methods wrhich were used have 
been described in detail elsewhere (Law’son and Rehm, 1945b). Expected 
values for circulating volume after the replacement, volume replenishment 
during the final bleeding, and the final liminal circulating volume were derived 
from formulae based on the assumption of complete reversal (Lawson and Rehm, 
1945a). All circulating cell volumes were corrected for a systematic error in 
our methods of measurement. 

Empirical data on bleeding volume w^ere obtained in both dehydrated dogs 
and dogs pretreated by intravenous injection of 15 cc./kgm. of 0.9 per cent 
NaCl three hours or more in advance of the first bleeding. Data on the limiting 
factors for bleeding volume were obtained only in dehydrated dogs. 

Results. The empirical data on bleeding volume are summarized in table 1. 
If each group in the table is assumed to have, at the time the first bleeding is 
terminated, an average residual bleeding volume of 5 cc./kgm., and if injection of 
the replacement fluid effects complete reversal, the final bleeding volume for 
each group should be equal to the volume of the replacement plus 5 cc. Thus, 
the expected bleeding volume is 41 cc. when the volume of replacement is 36 cc., 

2 Gelatin solutions P-20 and L-80 were supplied by the Knox Gelatine Company, Camden, 
N. J., and gelatin solution B-20610-51 by the Upjohn Company, Kalamazoo, Mich. 
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and 31 cc. when the volume of replacement is 26 cc. The last column in the 
table gives the loss of bleeding volume following the replacement, as the differ- 
ence between the volume expected on this basis and the volume actually obtained. 

When comparable data are available, it is apparent from the table that bleed- 
ing volume loss is greater in the dehydrated than in the pretreated dogs, for any 
given type of replacement. In pretreated animals the iso-osmotic fluids have 
the following relative efficacy when given in a volume of 36 cc./kgm.: blood > 
P-20 > plasma and serum > L-80 > B-20610-51 > NaCL The observed 
differences in bleeding volume for this series are statistically significant except 
for the difference between P-20 and plasma-serum. No data were obtained on 
dogs which had been bled to the 20 mm. endpoint and left without replacement. 
It has already been shown that dehydrated dogs usually die ^vithin two to three 
hours if they are bled as much as 10 cc./kgm. below 60 mm., and left untreated 
(Lawson, 1944). It seemed certain that they would die if they were bled still 
further, to the present endpoint, and left without treatment. Six pretreated dogs 
were bled 10 cc./kgm. below 60 mm. and allowed to remain unreplaced. All of 
them died within three hours. 

Not all the fluids were studied in both dehydrated and pretreated animals. 
As a rule, the final bleeding volumes were more variable in dehydrated than in 
pretreated dogs, as is shown by the standard errors in table 1. Pretreated dogs 
were used for the more extended comparison. The three iso-osmotic fluids 
w'hich were studied in dehydrated animals, blood, gelatin P-20 and gelatin L-80, 
appear from the table to have the same relative efficacy as in pretreated animals, 
so that a complete comparison did not seem to be necessary. It seemed not 
unlikely that the values obtained with salt solution would depend largely upon 
the degree of dehydration. A rigorous comparison of the efficacy of salt solution 
in dehydrated and pretreated animals might therefore be of some interest. This 
did not seem necessary for the present purposes, however, since dehydrated 
dogs which were replaced with 0.9 per cent NaCl after being bled only 10 cc./kgm. 
below 60 mm., had an average subsequent bleeding volume loss of 18.1 db 1.526 
cc./kgm. If they were bled to 20 mm. and replaced with salt solution, their 
loss of bleeding volume wmuld undoubtedly be greater. 

Table 2 shows the factors which are responsible for the loss of bleeding volume 
in dehydrated dogs after replacement with gelatin solutions. Similar data for 
w^hole blood replacement, taken from the preceding report, are included to 
facilitate comparison. With all the gelatin solutions, the circulating plasma 
volume following the injection was larger than the volume expected. Plasma 
retention appears from the table to be greater with the hyperosmotic than with 
iso-osmotic solutions. The average retention of plasma for the gelatin experi- . 
ments as a whole is greater than that for whole blood experiments, although the 
difference is not large enough to be unquestionably significant. Circulating 
cell volumes following gelatin injection were nearly equal to the volumes re- 
maining in the circulation at the end of the first bleeding. If corrected cell 
values are used, as in the table, there seems to be no difference in this respect 
betAveen replacement with blood and replacement with gelatin solutions. 

The amount of change in the liminal circulating volume in these experiments 
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was quite variable. In the experiments with blood the standard deviation from 
the mean change was 11.78 cc./kgm., and in the experiments with gelatin 8.58 
cc./kgm. The observed differences in the means are not sigmficant, and it appears 
that the differences would be of a low order of significance even if much larger 
groups of animals were used. Volume replenishment during the final bleeding 
appears from table 2 to be at least as great in the gelatin replaced as in the blood 
replaced animals. 


TABLE 1 

Replacement materials P-20, L-80, and B-20610-51 are gelatins of decreasing average 
molecular size. Percentage solutions marked with an asterisk have approximately the 
same colloid osmotic pressure in vitro as dog plasma. The second column gives the number 
of dogs which died during the four hour interval following replacement. Their final bleed- 
ing volumes were recorded as 0. The final bleeding volumes are given as the means with 
their standard errors. Bleeding volume deficits are the differences between the expected 
and the observed final bleeding volumes- A negative value means a gain in bleeding 
volume following the replacement. 


NO. 

DOGS 

DIED 

CONDITION 

SEPL 

Material 

aCEMENX 

Vol. 

cc-Agna* 

Cone. 

gm./lOO 

FINAL BLEEDING 
VOLUME cc./kgm:. 

BLEEDING 

VOLUME 

DEFICIT 

CC./KGM. 

13 

0 

Dehydrated 

P-20 

36 

3.9* 

27.38 =b 1.702 

13.62 

14 

0 

Dehydrated 

P-20 

36 

6.0 

31.14 ±2.290 

8.86 

5 

1 

Dehydrated 

P-20 

26 

3.9* 

18.80 ± 4.877 

12.20 

6 

0 

Dehydrated 

p-20 

26 

6.0 

31.30 ±5.696 

-0.30 

8 

0 

Pretreated 

P-20 

36 

3.9* 

31.18 ± 1.261 

9.82 

3 

2 

Dehydrated 

L-80 

36 

3.45* 

i 8.70 ±8.680 

32.30 

13 

0 

Pretreated 

L-80 

36 

3.45* 

24.77 ± 1.448 

16.23 

7 

0 

Pretreated 

B-20610-51 

36 

2.8* 

18.00 ± 2.308 

23.00 

17 

9 

Pretreated 

NaCl 

36 

0.9 

8.71 ± 2.428 

32.29 

11 

0 

Pretreated 

Plasma, serum 

36 


29.82 ± 1.218 

11.18 

14 

0 

Dehydrated 

Blood 

36 


31.30 ± 1.620 

9.70 

18 

0 

Pretreated 

Blood 

36 


36.60 ±0.780 

4.40 


Although the change in the total liminal circulating volume does not appear to 
be significantly different following the two types of replacement, there are sig- 
nificant differences in the liminal plasma volume and in the liminal cell volume. 
Comparative data are given in table 3. The gelatin treated dogs had a marked 
elevation of the circulating plasma volume, and a consistent depression of the 
circulating cell volume, in comparison with the dogs replaced with whole blood. 
From the difference in magnitude of these changes in the two groups, it is ap- 
parent that the gelatin treated animals maintained a minimal circulation with 
about 8 cc. A^gm. less circulating cell volume, and about 11 cc. niore plasma 
volume, than the dogs replaced with whole blood. These data suggest that 
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gelatin-plasma and cells are nearly interchangeable, volume for volume, in main- 
taining the circulation during acute hemorrhage. 

Discussion". When these studies were undertaken it was hoped that certain 
of the limiting factors for bleeding volume would be subject to less individual 
variation than bleeding volume itself. From the data which have been pre- 
sented, however, it appears that even larger groups of animals are required to 
obtain reliable mean values for any one of the limiting factors, than for bleeding 
volume. Following hemorrhage and replacement, both the starting blood 
volume and the liminal circulating volume may be considerably elevated or 
depressed, with no large change in bleeding volume. Because of these unex- 

TABLE 2 

All volumes are averages, and are given as cc./kgm. Expected values were formulated 
on the assumption of complete reversal. The last four columns give the deficit in bleeding 
volume as observed on the final bleeding, under the heading AH; and the amount con- 
tributed to the deficit by the factors: AQ == deficit in blood volume at the start of the bleed- 
ing; Al = deficit in blood replenishment during the bleeding; aL = elevation of liminal 
circulating volume. A minus sign denotes ap excess. Deficits were obtained as the 
differences between expected and observed volumes. All animals had been deprived of 
water for 24 hours. Summarized mean values for AQ, Al, and AL are given with their stan- 
dard errors. 


NO. DOGS 

REPLACEMENT 

BLOOD VOLUME AFTER REPLACEMENT ; 

BLEEDING VOLUME DEFICIT 

Plasma 

Cells 

AQ 

Al 

AL 

AH 

e.'cp. 1 

obs. 

exp. , 

obs 


Gelatin P-20 









5 

36 CO. 3.9% 

61.65 

62.58 

15.02 

14.50 

-0.58 

1,78 

8.62 

9.82 

6 

36 cc. 6.0% 

58.17 

63.52 

14.60 

15.72 

-6.63 

1.58 

12.00 

6.95 

4 

26 cc. 3,9% 

50.60 

54.30 

17.58 

17.82 

-3.94 

2.68 

8.78 

7.62 

6 

26 cc. 6.0% 

52.87 

57.78 

16.78 

16.87 

-5.00 

-0.18 

4.88 

-0.30 


Ave. gelatin P-20 

35.98 

69.96 

15.91 

16. 14 

i ~-4-31 

l-U 

8.58 

$.81 







±1.18 

1 

±1.69 

±1.86 


7 

Ave. 3$ cc. blood 

43.49 

44-S4 

36.31 

87.26 

-0.$4 

S.12 

6.23 

8.41 







±1.27 

±4.08 

±4.45 



pectedly large variations, definitive comparative studies on the limiting factors 
for bleeding volume will require larger groups of animals than we have employed. 

The elevation of the liminal circulating volume observed in dehydrated dogs 
after the first bleeding, in experiments with w^hole blood replacement, is an index 
to the amount of unreversed damage done to the cardiovascular system during 
the first bleeding. If the replacement fluid used as a substitute for blood is 
inadequate in any particular, or if it produces additional damaging effects, an 
even greater elevation of the liminal circulating volume should occur. Although 
our studies are incomplete, the data are sufficient to show that there is not much 
difference in the amount of elevation obtained with blood and with gelatin 
solutions. This is an unexpected finding, since any cell-free fluid, such as plasma, 
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would be expected on a 'priori grounds to produce a greater elevation of the 
liminal volume than is produced by whole blood. The adequacy of gelatin solu- 
tion as a blood substitute is also shown by the comparative data on blood re- 
plenishment during the final bleeding. It is evident that the mechanisms re- 
sponsible for blood replenishment during hemorrhage function at least as well 
in the presence of a mixture of gelatin and blood, as in the presence of blood 
alone. 

The empirical data on bleeding volume in pretreated animals show that re- 
versal is considerably more complete with whole blood than mih any of the cell- 
free fluids. Until comparative studies on the limiting factors are complete, no 
interpretation can be attempted. Under the former experimental conditions 
no such difference between whole blood and cell-free fluids could be demon- 
strated. Fairly large and equal bleeding volume deficits were observed after 
both types of replacement. Whether or not comparative studies show a differ- 
ence in the replacement value of different fluids thus seems to depend upon the 
amount and type of damage done before the fluids are administered. 

TABLE 3 

Values are means with their standard errors. The change in liminal circulating volume 
is the difference between the liminal volume as measured on the final bleeding, and as 
estimated on the first bleeding. Positive values mean an elevation of the liminal volume 
on the final bleeding. 


NO. DOGS 

REPLACEMENT 

CHANGE IN LIMINAL CIRCULATING VOLUME CC./KGM. 

Flasina 

Cells 

Total 

21 

7 

Gelatin sol. 
Blood 

13.11 ± 1.52 
2.17 ±2.42 

-4.53 ± 0.51 
4.06 ± 2.22 

8.68 ±1.86 
6.23 ±4.45 


Under the present experimental conditions the efficacy of gelatin as a replace- 
ment colloid diminishes with a decrease in molecular size. In the earlier studies, 
maximum effectiveness was found in gelatins of intermediate grade, when a series 
of iso-osmolar solutions was studied. No explanation was offered for the para- 
doxical findings of the former studies. Both high and intermediate grades of 
gelatin, however, gave decreasing values for bleeding volume if they were given 
in highly concentrated solution (Lawson and Rehm, 1943b). It thus seemed 
possible that the intermediate grades produced more nearly complete reversal 
than the higher grades because their effective osmotic pressure happened to lie 
nearer the optimum, at the osmolarity chosen for the study. The study on 
h3rperosmotic solutions in the present report represents an unsuccessful effort to 
extend these observations under different experimental conditions. Under the 
present conditions, bleeding volume is increased both by increasing the osmolarity 
of a particular grade of gelatin, and by increasing the average molecular size, 
keeping the osmolarity constant. 

The present findings are in agreement with the observations of other investi- 
gators (Parkins, Koop, Riegel, Vars and Lockwood, 1944; Nicholl, Boucher and 
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Prince, 1945), and are in conformity with the conclusions of the National Re- 
search Council (1944). Since the optimum gelatin solution for reversing the 
effects of hemorrhage changes, however, with a change in the experimental con- 
ditions, it seems un^vise to select on the basis of the available experimental data 
any single solution as optimal for clinical use. 

SUMMARY 

Barbitalized dogs pretreated by intra\Wous saline injection were almost com- 
pletely exsanguinated by controlled bleeding, and injected with various re- 
placement fluids. The fatal hemorrhage volume four hours later was used as 
an index to the relative effectiveness of the fluids in reversing the effects of the 
first hemorrhage. As measured in this manner, the order of effectiveness of the 
fluids studied was: whole blood > 3.9 per cent gelatin P-20 > plasma and 
serum > 3.45 per cent gelatin L-80 > 2.8 per cent gelatin B-20610-51 > 0.9 per 
cent NaCl. The gelatin solutions are approximately iso-osmolar, and have 
about the same colloidal osmotic pi’essure in vitro as dog plasma. 

Dehydrated dogs (without saline pretreatment) were studied in similar ex- 
periments for evidence of damaging effects of gelatin P-20. The volume re- 
maining in the circulation at death was not significantly greater than in dogs 
replaced with whole blood. Blood replenishment during the final hemorrhage 
was at least as great as in animals replaced with whole blood. The circulating 
blood volume maintained following the replacement was at least as great as that 
maintained by dogs replaced with whole blood. Replacement with higher con- 
centrations of gelatin P-20 (6 per cent) produced larger circulating blood volumes. 
No evidence was obtained that the higher concentrations produced additional 
cardiovascular damage under these experimental conditions. 
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With the introduction of a physical training program for convalescents into 
army hospitals, it is of practical importance to know more about the relationship 
between the erythrocyte sedimentation rate and exercise. The few references 
pertaining to this subject are contradictory. Cassinis (1) determined the 
erythrocyte sedimentation rate in eight soldiers, at rest, and after a run of from 
600 to 1200 meters. He noticed a decrease in the sedimentation rate after exer- 
cise in seven cases and an increase in one. Sueda (2) found that in young and 
middle aged people the changes in erythrocyte sedimentation rate immediately 
after work are somewhat parallel to the degree of fatigue, being normal after 
light work and increasing with the increase of degree of fatigue. 

Luciani (3) tested thirty-six children, from three to twelve years of age, twelve 
of whom were normal; twelve afebrile, suffering from some subacute illness; and 
twelve febrile, convalescing from acute illness. The exercise consisted of run- 
ning 300 meters. Blood samples were taken before the run and within ten to 
fifteen minutes after the run. Luciani^s conclusions were that this exercise 
produced no noticeable change in the sedimentation rate in normal children, 
and caused a decrease in the erythrocyte sedimentation rate in the other two 
groups of children, indicating that these children had a greater degree of fatigue. 

Deist (4) tested 260 soldiers undergoing intensive military training. He took 
three samples: one during the first, the third or fourth, and the seventh weeks 
of training respectively. His conclusion was that there was no definite relation- 
ship between exercise and the erythrocyte sedimentation rate. Shibata et al. (5), 
experimenting on athletes, found that one bout of strenuous exercise caused only 
a slight increase in the erythrocyte sedimentation rate, whereas after a second 
bout the rise was more noticeable. 

Method. The purpose of the present investigation was to determine the 
effect of strenuous exercise upon the erythrocyte sedimentation rate within 
twenty-four hours after exercise. The subjects were fifty aviation cadets, con- 
valescing from upper respiratory infections. All patients were afebrile. The 
exercise used was the Harvard step-up test (6). In this test, the subject stands 
in front of a twenty-inch box and steps up on it wth one foot and then the other, 
stepping down in the same order, and leading vith the same foot on each step. 
The complete cycle is repeated thirty times a minute for as long as the subject 
can last, but no longer than five minutes. Work done in this exercise is equiva- 
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lent to going up and down 250 feet in five minutes, something like climbing to 
the twenty-ninth floor of a building and then coining down. All but three of 
the subjects in this study were able to step up and down for five minutes. 

Blood samples were taken immediately before exercise, and then half an hour, 
five hours, and twenty-four hours after exercise. The erythrocyte sedimentation 
rate was determined by the Westergren method. Before exercise thirty-three 
patients had rates under 16 mm. and the remaining seventeen had rates ranging 
from 16 to 60 mm. 

Results. The average changes in the erythrocyte sedimentation rate at a 
half hour, five hours, and twenty-four hours after exercise are given in figure 1. 
It can be observed that there are slight elevations at the half-hour and five-hour 
periods after exercise and that the erythrocyte sedimentation rate returns to 
the pre-exercise rate after twenty-four hours. The individual variations may be 
comparatively large (standard deviation being 4.7 mm.) yet statistical analysis 
showed that for the whole group, the only significant rise in erythrocyte sedi- 
mentation rate occurred five hours after exercise (critical ratio = 3.92). These 
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Fig. 1. Effect of strenuous exercise (Harvard step-up test for five minutes) upon the 
erythrocyte sedimentation rate. The curve represents the average sedimentation rates for 
fifty subjects. The pre-exercise rate is shown at zero (0). 

conclusions hold true for patients whose pre-exercise rate was normal and for 
those whose rate was above normal. 

The observation that the erythrocyte sedimentation rate twenty-four hours 
after exercise should be the same as the pre-exercise rate has been verified in 
another study (7). Five hundred and forty-five tests done on sixty-five subjects, 
who stepped up and down to the limit of their endurance, showed that only 
seventeen tests on eleven patients gave erythrocyte sedimentation rates above 
normal. 

Clinical observations on the patients with high sedimentation rates failed to 
reveal any ill effects subsequent to the exercise and all the patients were dis- 
charged to duty within a short time after the test. 

It was of interest to determine whether or not there was any relation between 
the erythrocyte sedimentation rate before exercise and the Harvard score. 
After undergoing the Harvard test, the subject receives a score which expresses 
the degree of his physical fitness. This score is based on the duration of exercise 
and the pulse rate one minute after exercise. Data on thirty-nine subjects 
showed that there was no relation betw'een the erythrocyte sedimentation rate 
before exercise and the Harvard score (r = —0.15). 
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SUMMARY AND CONCLUSIONS 

1. Fifty aviation cadets, convalescing from upper respiratory infection, were 
given five minutes of strenuous exercise (the Harvard step-up test). 

2. Blood samples were taken immediately before exercise, and half an hour, 
five hours, and twenty-four hours after exercise. The erythrocyte sedimentation 
rate was determined by the Westergren method. 

3. Five minutes of strenuous exercise caused a variable effect upon the in- 
dividual sedimentation rate. However, in the group tested there was a statisti- 
cally significant increase in erythrocyte sedimentation rates five hours after 
exercise but no significant change either half an hour or twenty-four hours after 
exercise. This indicates that the change is not lasting. 

4. Post-exercise observations in no case showed any clinical manifestations 
of ill effects. 

5. Data on thirty-nine subjects show’ed that there was no relation between 
the erythrocyte sedimentation rate before exercise and the score obtained on the 
Harvard step-up test (r = —0.15). 

6. The contradictions regarding the effect of exercise upon the erythrocyte 
sedimentation rate found in the literature may be explained by the difference 
in the intensity of exercises and in the time of taking the blood samples. 

Acknowledgment is given here to Captain M. M. Rice, M.C., Chief of the 
Laboratory, AAF Regional Hospital, San Antonio Aviation Cadet Center, San 
Antonio, Texas, for testing the blood samples, and to Lt. E. L. Green, A.C., 
Chief of the Department of Statistics, AAF School of Aviation Medicine, Ran- 
dolph Field, Texas, for the statistical work. 
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It is generally agreed that rest in bed produces a decline in physical ‘"fitness” 
associated with a deterioration of cardiovascular function. In any analysis of 
the causes of changing cardiovascular function it is necessary to consider the 
volume of the circulating blood. It is the purpose of this paper to present data 
concerning the effect of bed rest on blood volume. 

Materials and conditions. The subjects were volunteers from Civilian 
Public Service. These men were from 20 to 32 years of age and were free from 
present and signifiicant past disease. 

The general plan of the experiment involved a preliminary training and stand- 
ardization period, a 3-week period of bed rest and a 6-week period of recondition- 
ing. Under continuous supervision, the men followed a definite routine while 
in bed. They were allowed to get up once a day for bowel movements, it being 
considered that this involved less effort than the use of the bedpan. Complete 
inactivity (bed flat, dim light) was enforced for 4 daytime hours, divided into 
three periods. Routine “bed-fast” nursing care was provided by a registered 
nurse. Lights were turned out at 10 p.m. 

Pre- and post-bed rest conditioning was carried out on a motor-driven tread- 
mill. A definite schedule of walking at 3.5 miles per hour and a 10 per cent 
grade was maintained by the subjects 5 days a week during “active” periods. 
This rate of work demands an oxygen consumption of approximately 8 times the 
basal metabolic rate. At regular intervals the men performed bouts of 
“anaerobic” work, i.e., running at 7 miles per hour and 10 per cent grade for 3 
minutes and running at the same rate on a 15 per cent grade for 90 seconds. All 
work was carried out in an air-conditioned suite maintained at 78°F. and 50 per 
cent relative humidity. Standard clothes and shoes were worn for all test ses- 
sions. The total caloric expenditure per day for the week before going to bed 
was 4500 calories. On getting out of bed the total daily caloric expenditure was 
increased from 2500 calories by weekly steps of 500 calories up to the original 
level. The men were in continuous residence in the laboratory dormitory or 
metabolism ward as the occasion demanded. The subjects were fed a diet of 
known composition which was “adequate” in protein, calories and vitamins. 
Body weight remained substantially constant at all times before, during and 
after bed rest. 

^ The work described in this paper was done in part under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Minnesota. Important financial assistance was also provided 
by the Nutrition Foundation, Inc., New York and the National Dairy Council, Chicago. 
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Methods. A procedure modified from that of Gibson and Evelyn (1) was 
followed in determining blood volume. The concentration of the dye was 
determined on 6 ml, samples of plasma in the standard Evelyn photoelectric 
colorimeter. After a dye-free blood sample had been drawn, 15 mgm. of T-1824 
(Evans’ Blue) dye dissolved in 10 ml. of saline were injected into an antecubital 
vein in 40 seconds. The concentration of dye in the plasma was determined 
in blood samples drawn at 20, 30 and 40 minutes after injection. The “K” 
value for the dye was determined in each dye-free sample to reduce the possi- 
bility of error due to changes in the optical properties of the plasma (2, 3) which 
may occur in different states. All blood was drawn in oiled syringes and was 
centrifuged in waxed tubes using heparin as an anticoagulant. Since only 
relative changes were under consideration, blood volumes were calculated directly 
from the hematocrit without making a correction for the error in the hematocrit 
determination (4) or for the greater proportion of plasma in the capillary blood 
as compared to venous blood (5). 

All determinations of blood volume were carried out in the morning under 
basal conditions. Subjects were not allowed out of bed for one half hour before 
the injection of dye to avoid plasma volume changes due to posture or activity. 
Except in those cases noted, the values reported here are in each case the average 
of 2 determinations on separate days. The standard deviation of any single 
determination from the average presented in the tables was found to be ± 84 
ml. of plasma (statistical analysis of 16 pairs of duplicates). 

Pulse rates were counted 3 times mth a stethoscope during the last five minutes 
of a routine one hour period of “aerobic” work (3.5 m.p.h. at 10 per cent grade). 

Results. The data on the effect of bed rest on the blood volume and its 
component parts are presented in table 1 together with the work pulse rates. 
There was an average decrease of 15.5 per cent in plasma volume while the aver- 
age total volume of circulating red cells remained almost unchanged. There was 
an average decrease of 9.3 per cent in the total circulating blood. The declines 
in plasma volume were consistent in all cases. On the other hand in one case a 
large rise in the hematocrit indicated an increase in red cell volume large ei^ough 
to offset the plasma loss and to result in an apparent increase in the total circulat- 
ing blood volume. In 4 men the plasma and blood volumes were studied in the 
course of reconditioning after bed rest. The data are presented in table 2 along 
with the \vork pulse rates. It will be noted that a loss of red cells occurred in the 
first week but this was more than offset by a large rise in plasma volume so that 
there was an average net gain of 235 ml. in the total circulating blood volume at 
this time. During the subsequent period of reconditioning the average net gain 
of 420 ml. of wbole blood was almost entirely attributable to an increase in the 
red cell volume. The work pulse rates presented in tables 1 and 2 are discussed 
below. 

Subject *E. S. volunteered to submit to surgical repair of his right inguinal 
hernia. This procedure was carried out at the end of the 72nd day of training 
after the completion of three w^eeks in bed. He was kept in bed under the 
same restrictions for the same length of time as in the preceding experiment. His 
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plasma volume decreased 628 ml, after surgery as compared to 769 ml. for simple 
bed rest and bis total blood volume decreased 360 ml. after surgery as compared 
to 733 ml. after simple bed rest. 

Discussion. The limitations of the method employed for the measurement 
of blood volume should be recognized. However it can be pointed out that 
there is no evidence in the data that the observed changes are due to an increased 
rate of loss of plasma proteins to the l3maph (6, 7). The slope of the disap- 
pearance cuive of the dye was 0.015 before and 0.014 after bed rest. It follows 
then that the calculation of the plasma volume from the dye concentration in the 

TABLE 1 


The plasma volume^ the red cell volume, total blood volume, the hematocrit and the work pulse 
rate {walking at S.5 m/h and 10% grade) before and after a three week 
period of bed rest 


EXP. 

SUBJECT 

PERIOD 

1 

PLASMA 1 

VOL- 

UME 

IN ML. 

HEMA- 

TOCRIT 

PER 

CENT 

•RTTn rir.T.T. 

VOLUME 
IN ML. 

BLOOD 
VOLUME 
IN ML. 

BLOOD 

VOLUME 

DIPPER- 

ENCEIN 

ML. 

PULSE 

beats/ 

MIN. 

WORK 

PULSE 

DIPP. 

BEATS/ 

MIN. 

1 

R.M. 

Before bed rest 

2705 

46.8 

2378 

5083 


126 




After bed rest 

2585 

52,0 

2803 

5390 

+307 

1 

171 

+45 

2 

D.M. 

Before bed rest 

3582 

46.5 

3122 

6704 


123 




After bed rest 

2850 

51.2 

2989 

5839 

-865 

181 

+58 

3 

A. W. 

Before bed rest 

3598 

48,0 

3325 

6923 


134 




After bed rest 

3077 

47.0 

2729 

5806 

-1117 

167 

+33 

4 

E, S. 

Before bed rest 

4020 

42.7 

2994 

7014 


121 




After bed rest 

3251 

48.2 

3030 

6281 

-733 

162 

+41 

5 

L.B. 

Before bed rest 

2974 

44.5 

2400 

5374 


118 




After bed rest 

2679 

48.3 ^ 

2515 

5194 

-180 

163 

+45 

6 

R.M, 1 

Before bed rest 

3127 ’ 

45.6 

2616 

5743 


117 




After bed rest 

2449 

50.0 

2448 

4897 

-846 

168 

+61 

Average 

Before bed rest 

3334 

45.7 

2806 

6140 






After bed rest 

2816 i 

49.5 

2752 

5568 




Average i 


-518 ^ 

-{-3.8 

-54 1 

-572 





20-minute sample would lead to the same conclusion as the use of the extrapolated 
dye concentration. Plasma volumes calculated in this way were 4.2 per cent 
larger than those in tables 1 and 2 and the average decrease in bed rest was 
only 14 ml. smaller than the decrease reported above where the extrapolated 
values of dye concentration were used. The product moment correlation (8) 
between the extrapolated and 20-imnute dye concentrations was 0.966. 

It is not our purpose here to discuss the whole course of the lai^e deterioration 
in cardiovascular function which occurred as the result of bed rest. This will be 
done elsewhere. The work pulse rates are presented merely as an illustration. 
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Attempts were made to assess the r61e that the loss of blood volume played in the 
observed alterations in cardiovascular function. Inspection of the aerobic work 
pulse rate changes shows no close correlation with the blood volume loss or 
gain. For example, subject H. M. in experiment 1 showed as the result 
of 3 weeks in bed a slight increase in blood volume and a work pulse rate increase 
that was greater than that of E. S. who apparently lost 733 ml. of blood. In 
experiment 7 when R. M. repeated the stay in bed, he had a marked loss of blood 
and his work pulse increased only 6 beats per minute. Limitations of space 

TABLE 2 

The plasma volume, blood volume, and work pulse rate {walking at S.3 m/h and 10% 
grade) in 4 men at different periods during reconditioning 
‘‘Bed rest’’ refers to the end of bed rest, “one week’’ to the end of the Isfc week of ac- 
tivity and “final” refers to a reconditioning period of 46 days for L. B. ^d G. W. and 28 
days for R. M. and D. M. Blood and plasma volume and their respective changes are 
expressed in ml. 


EXP. NO. 

SUBJECT 

PERIOD 

PLASMA 

VOLUME 

BLOOD 

VOLUME 

BLOOD VOLUME 
CHANGE 

WORK 
PULSE IN 
BEATS/ 
MIN. 

WORK PULSE 
DIFFERENCE 

Bed rest 
1st week 

1st week 
to final 

End of 
bed rest 
to 1st 
week 

1 1st week 
to/incl. 

5 

L.B. 

Bed rest 

2679 

5194 



162 

11 




One week* 

3263 

5457 

-h263 


151 





Final 

3379 

6352 


+895 

125 


26 

6 

G. W. 

Bed rest 

2458 

4642 



167 


1 



One week* 

2990 

5042 

-f-400 


151 

16 

i 



Final 

2907 

5285 


+243 

127 


24 

7 

R. M. 

Bed rest 

2449 

4897 



171 





One week* 

2710 

4570 

-327 


145 ! 

26 




Final 

3074 

5480 


, +910 

129 


16 

8 

D.M. 

Bed rest 

2916 

5464 1 



174 




1 

One week* 

3726 

6068 1 

+604 


139 

35 




Final j 

3230 

5697 


-371 

124 


15 


* These values represent a single determination. 


prevent the presentation of data which show that a similar lack of correlation 
exists between blood volume loss or gain in ml. per kilo and the following items 
the increase in lactate and recovery pulse after a fixed task of '‘anaerobic’’ work; 
the change in heart size ; the increase in resting pulse rate ; and the postural adjust- 
ment score or the several items which go into it. The loss of oxygen transported 
per kilo of body weight during a 90 second "anaerobic” run did show a correlation 
of 0.75 (with blood volume loss) as the result of bed rest. It is felt that more 
data are needed to establish this relationship. 


2 The detailed results will be presented elsewhere. 
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The apparent lack of correlation between blood volume loss and certain cardio- 
vascular functions is not surprising in view of the uncertainty in blood volume 
measurements. The changes are not large and represent the difference between 
2 measurements whose individual uncertainties are, at the very best, zb 2 per 
cent. Also the number of individuals examined is small. Finally the possibility 
of artifact in the dye method which might invalidate inter-individual comparison 
cannot be completely ignored (7, 9, 10). It is evident that the deterioration in 
cardiovascular function induced by bed rest was accompanied by a loss of blood 
volume and that on completion of the reconditioning program the blood volume 
had increased to approximately pre-bed rest levels, Karpovitch (11) has studied 
the effect of withdrawal of 500 n\l. of blood on endurance in trained athletes. 
The performance on the bicycle ergometer of the 5 men studied deteriorated and 
the original level Avas not regained for about three weeks. These results are 
open to the criticism that it was not possible to control the effects of suggestion. 

Blood depots which are generally believed not to be large in man (12-15) ap- 
parently played no part in the decrease in circulating blood volume produced by 
bed rest since there was no significant change in the circulating red blood cells. 
The apparent loss of red cells during the 1st week of activity is similar to the loss 
of red cells in untrained dogs during a period of training (16). This has been 
shovm to be due to actual destruction of red cells (17, 18, 19, 20) and pre- 
sumably there was a loss of red cells in our subjects due to the same cause. 

The loss of blood volume in milliliters per kilogram of body weight averaged 
9.3 ml. (range +4.6 to —14.0 ml.). The changes in blood volume with the 
state of physical condition helps to explain the inter-individual variations re- 
ported by Gibson and Evans (22). 

It is interesting that the decrease of plasma volume was accompanied by a 
negative nitrogen balance during bed rest and the increased plasma volume 
in the early part of the period of reconditioning by a positive nitrogen balance 
( 21 ). 

It should be recognized that the men studied here were in good physical condi- 
tion. It is considered that extremely sedentary individuals might exhibit quanti- 
tatively different responses. 

The validity of claims of increases in plasma or blood volume in disease states 
(23) must rest on the demonstration that plasma volumes of patients during the 
disease state are higher than plasma volumes of the same convalescent patients 
who have reached a state of physical condition comparable to the predisease 
state. 


SUMMARY 

1. The effect of 3 weeks of complete bed rest on the blood volume and its com- 
ponent parts has been studied in 6 experiments on 5 normal young men. In 
4 men studies were carried out during the course of reconditioning. In addition 
one of these men was studied before and after the surgical repair of an inguinal 
hernia. 

2. An average loss in blood volume of 572 ml, or 9.3 per cent occurred during 
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the period of bed rest. This was almost entirely accounted for by a contraction 
of the plasma volume of 518 ml., or 15.5 per cent, 

3. The first week of reconditioning resulted in an increase in plasma volume 
to pre-bed rest levels but vras accompanied by an apparent loss of red cells so 
that the average increase of blood volume was only 235 ml. The subsequent 
apparent increase in blood volume to the original level was due entirely to an 
increase in red blood cells. 

4. The blood volume change after the surgical repair of an inguinal hernia and 
3 weeks’ bed rest in one man did not differ significantly from the changes observed 
in the same man after simple bed rest alone. 

5. Correlations between blood volume changes and various indices of deteriora- 
tion of cardiovascular fimction are discussed. 

AcknowledgmenU, We are indebted to Dr. Clarence Dennis, Associate Pro- 
fessor of Surgery, for performing the herniorrhaphy and providing conditions 
in the Hospital comparable to those in the laboratory. It is a pleasure to ac- 
knowledge the conscientious co-operation of Donald Martinson, Ralph Michener, 
Adrian Wilson, Eugene Sunnen, Grant Washburn and Lynn Brown who served 
as subjects. 
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In a previous paper (1) the increase in the blood concentrations of lactate, 
glucose and pyruvate which occurs after a severe hemorrhage was described. 
These changes were interpreted as showing a progressive increase, followed by 
a decrease, in the peripheral utilization of glucose. The lactate concentration 
increased immediately after the hemorrhage and a marked rise occurred termi- 
nally. These changes in blood glucose and lactate concentrations reflect a dis- 
turbance in the glycolytic cycle. According to current concepts (2) the liver, 
during this cycle, releases glucose to the blood stream. The blood glucose is 
removed by the muscles and metabolized to lactate which is returned to the 
liver where it is resynthesized to glycogen. The purpose of the present experi- 
ments was to determine how efficiently the liver functions with respect to the 
glycolytic cycle during the hypoxic period following a severe hemorrhage. 

Method. The experiments \vere done on dogs of 7 to 15 kilos, fasted for 18 
hours previous to the experiment (in the postabsorptive state). A week or more 
before the experiment a cannula "vvas placed on the portal vein, according to the 
method of Tsai (3). Hepatic venous samples w^ere obtained by introducing a 
catheter directly into the liver through the left jugular vein (local anesthesia). 
No difficulty was encountered in introducing the catheter, wffiich was removed 
after each blood sample was taken. The distance that the catheter must travel 
from the external jugular vein to the liver was estimated quite precisely before 
insertion and the ^‘feeF' of the catheter when it was securely in a liver lobule w^as 
unmistakable. As a further check, the position of the catheter in each animal 
was determined either by fluoroscopy or at autopsy. During the control period 
the insertion of the catheter did not appear to interfere with the circulation of the 
animal. However, when the blood pressure^ was at a low level after bleeding the 
insertion of the cannula often caused a rapid fall in the blood pressure followed 
by a return to the previous level when the catheter was removed. Within a 
period of 2 minutes samples W'ere drawn from the femoral artery and vein and 
from the portal and hepatic veins. This was done before and at hourly intervals 
after a 70 per cent hemorrhage (bled out according to Walcott's method and 30 

^ This work was done partly under a contract, recommended by fhe Committee on Medi- 
cal Research, between the Office of Scientific Research and Development and Columbia 
University. 

2 Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, in the Faculty of Pure Science, Columbia University. 

233 



234 


CLARISSA HAGER BEATTY 


per cent of the bleeding volume returned) (4). Analyses of lactate and glucose 
were carried out as described in a previous paper (1). The femoral arterial- 
venous (A-V) difference is assumed to represent utilization of glucose or pro- 
duction of lactate by the muscles of the hind limb; the arterial-portal (A-P) 
difference, utilization of glucose or production of lactate by the viscera. The ar- 
terial-hepatic venous (A-H) and the portal-hepatic venous (P-H) differences 
indicate the changes produced by the liver as the blood passes through this organ. 
A minus sign has been placed before the A-V, A-P, A-H, or P-H difference when 
the tissues remove glucose or lactate, and a plus sign when the tissues add glucose 
or lactate. 

Results and discussion. Control determinations on dogs in the post- 
absorptive state (table 1) indicate that glucose was generally removed by the 
muscles and viscera, and released by the liver, as has been demonstrated by 
several investigators (5). After a 70 per cent hemorrhage the arterial glucose 
level rose to a maximum and then decreased progressively until death. The 
P-H differences increased an average maximum of 10 times the control value, 
the A-H differences 15 times the control value, after which both differences de- 
creased progressively until death occurred. Thus as the blood passes through 
the liver there is a greater increase in the glucose concentration following hemor- 
rhage than in the controls. The arterial level of glucose can be decreasing at the 
same time that the hepatic output is increasing, as shown by dog 1 between the 
first and second hour after hemorrhage. This can be explained in terms of an 
increase in the peripheral utilization of glucose (1), the level of arterial glucose 
being determined both by the relative amount of glucose produced by the liver 
and by the magnitude of the peripheral utilization. Glucose utilization by the 
leg muscles (A-V) and the viscera (A-P) generally rose to a maximum and then 
fell progressively until death occurred. 

It is impossible to determine the total amount of glucose supplied to the blood 
by the liver per unit time without blood flow measurements. Blalock (6) meas- 
ured the hepatic blood flow following moderate hemorrhage in unanesthetized 
dogs and found a decrease of about 50 per cent. In the present experiments the 
blood flow to the liver probably fell to somewhat below 50 per cent of the control 
value. In addition, the effect of bleeding upon the relative amount of blood 
supplied to the liver by the hepatic artery and by the portal vein are undeter- 
mined and these values are kno\\m to vary widely even in control dogs (7). 
Therefore the formula 3P + A/4-H (3 times the portal blood concentration plus 
the arterial blood concentration divided by 4 and minus the hepatic venous 
blood concentration) which is based on the usual assumption that the hepatic 
artery contributes J and the portal vein f of the blood entering the liver, cannot 
be used to calculate the overall changes in the glucose or lactate concentration 
as the blood passes through the liver, but either the P-H or the A-PI differences 
are indices of these changes in concentration. 

In the control dogs in the postabsorbtive state lactate was generally produced 
by the muscles (A-V) and the viscera (A-P) and removed by the liver (A-H, 
P-H, table 2), and has been demonstrated by other investigators (8). If the 
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TABLE 1 


Arterial glucose levels in milligrams per cent compared with the changes in glucose concentration 
as the blood passes through muscle ^ liver and viscera 


DOG 

CONTROL 

HOURS FOLLOWING HEMORRHAGE 

1 hour 

2 hours 

3 hours 

4 hours 

1 

Art. 


111.1 

83.5 

56.0 

14.0* 


A-V 


-23.0 

-21.1 

-9.0 



P-H 

+15.5 

+37.0 

+49.0 1 

+34.6 



A-H 

+13.5 

+12.0 

+30.5 1 

+14.0 



A-P 


-25.0 

-18.5 

-20.6 


2t 

Art. 

66.7 

312.0 

153.0 

Dead 2 hours 



A-V 

-3.7 

-27.0 

-10.0 




P-H 

+6.4 . 

+52.0 





A-H 

-5.3 

+37.0 

+ 15.0 




A-P 

-11.7 

-89.0 


, 


3 

Art. 

76.2 

263.0 

203.0 

Dead 2 hours 



A-V 

-4.2 

-46.0 

-3.0 




P-H 


+56.0 

+24.0 




A-H 


+44.0 

+21.0 




A-P 

■■ 

-12.0 

-3.0 



4 

Art. 

56.0 


218.0 

130.0t 

120.0§ 


A-V 

-2.0 

-35.0 

-21.0 

-12.0 

-1.0 


P-H 

+6.0 

+26.0 

. +31.0 

+48.0 

+80.0 


A-H 

+6.0 

+3.0 

+13.0 

+4.0 

+48.0 


A-P 

0 0 

-23.0 

-18.0 

1 -44.0 

-32.0 

5^ 

Art. 

76.0 

178.0 

335.0 

168,0 

i 128.0 


A-V 


-19.0 

-22.0 

-19.0 

i -3.0 


P-H 

+6.0 

+46.0 

+86.0 

+28.0 

+38.0 


A-H 

+1.0 

+30.0 

+66.0 

+8.0 

+18.0 


A-P 

-5.0 ■ 

-16.0 

i -20.0 

t 

-20.0 

-20.0 

6il 

Art. 


263.0 

1 

258.0 

438.0 

Dead 3 hours 


A-V 

-1.8 

-22.0 

-14,0 

-25.0 

i 


P-H 

+11.0 

+27.0 

+25.0 

+205.0 



A-H 

+3.2 

+17.0 

-10.0 

+177.0 



A-P 

-7.8 


-35.0 

-28.0 



* Death occurred immediately following the sample, 
t Seventy -five per cent hemorrhage, 
t Four hour samples. 

§ Five hour samples, survival period 5f hours. 

^ Survival period of five hours. 

II Hemorrhage interrupted before bleeding-out volume reached. Forty cubic centi- 
meters extra blood removed at 2i hours. 

P-H differences are used for calculation the liver in the postabsorptive state 
removed between 0 and 48 per cent of the portal blood lactate. In a statistical 
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TABLE 2 


Arterial lactate level in milligrams 'per cent compared with the changes in lactate concentration 
as the blood passes through the muscle, liver and viscera 


DOG 

CONTROr. 

HOtJRS FOLLOWING HEMORRHAGE 

1 hour 

2 hours 

3 hours 

7 

Art. 

19.1 

91.4 

98.6 

Dead 2i hours 


A-V 

-1-1.8 

+13.6 

+42.0 



P-H 

0.0 

+3.8 

-8.0 



A-H 

0.0 

+3.2 

+24.4 



A-P 

-0.1 

-0.6 

+32.4 


8 

Art. 

4.1 

i 

55.5 

95.5 

128.1* * * § 


A-V 

-f3.3 

+30.8 1 

+14.5 



P-H 

-3.2 

-20.7 

-11.4 

-8.5 


A-H 

-1.4 

-4.8 

+1.1 

+5.9 


A-P 

4-1.8 

+15.9 

+12.5 

+14.4 

9 

Art. 

10.0 ! 

102.0 

Dead H hours 



A-V 

4-2.1 

+31.0 




P-H 

-1.1 

-18.0 




A-H 

-0.2 

+25.0 




A-P 

4-0.9 

+43.0 



10 

Art. 

11.5 

120.3t 

155. 5t 

Dead IJ hours 


A-V 

-M.2 

+6.5 




P-H 

-2.5 





A-H 

-2.0 

-7.2 

-1.7 



A-P 

-hO.5 




11 

Art. 


151.1 

Dead If hours 



A-V 

-3.3 





P-H 


-2.0 




A-H 


-1.0 




A-P 





12 

Art. 

10.6 

52.4 

70.2 

• S6.0§ 


A-V 

4-2.0 

+24.8 

1 +19.8 

+39.0 


P-H 

-6.5 

-18.4 

-20.9 



A-H 

-1.1 

-1.3 

1 -16.6 



A-P 

+5.4 

+17.1 

* +4.3 

+17.0 

13 

Art. 

8.5 

131.0 

mm 



A-V 

+3.0 

+14.5 




P-H 

-4.2 

+5.0 

+3.0 



A-H 

+1.7 

+7.0 

+27.0 



A-P 

+5.9 

+2.0 

+24.0 



* Dead 3§ hours, 

t One-half hour sample. 

{One hour sample. 

§ Two and one-half hour sample, dead 2§ hours, 
f One and one-half hour sample, dead hours. 

Dogs 10, 11, and 12 were subjected to a 75 per cent hemorrhage, 
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analysis of a much larger series of imanesthetized dogs in the postahsorptive 
state, Cherry and Crandall (8) using the formula 3P + A/4-H found no signi- 
ficant difference in the average lactate concentration of blood passing throus^h 
the liver. Nevertheless, in certain dogs it is clear that in the postahsorptive 
state the liver can remove lactate although this is not revealed in a statistical 
analysis of the change in lactate concentration as the blood passes through ‘*he 
liver. For example, in dog 12 the control P-H difference was —6.5 mgm. pf^r 
cent and the overall hepatic difference in lactate concentration using the formula 
3P + A/4-H was —5.2 mgm. per cent. 

In the first hour following a 70 per cent hemorrhage the amount of lactate 
removed from the portal blood by the liver as measured by the P-H differeuces 
may or may not increase above the control value (table 2). Even when the 
P-H difference increases above the control value, it does not necessarily mean 
that the fraction of lactate removed from the portal blood (0 to 29 per cent) 
is greater than that removed during the control period (0 to 48 per cent), since 
the concentration of lactate in the blood has risen following hemorrhage. The 
arterial lactate concentration rose throughout the entire experiment. After 
the first hour both the A-H and the P-H differences indicated a progressive de- 
crease in the amount of lactate removed by the liver. The initial increase in the 
peripheral and visceral release of lactate is succeeded by a period during which 
the production of this substance may either continue to increase, decrease, or 
even remain unchanged. 


SUMMARY 

1. After a 70 per cent hemorrhage (bled out and 30 per cent of the bleeding 
volume returned) there is an increase in the amount of glucose released by the 
liver increasing the arterial glucose level in spite of the rise in peripheral glucose 
utilization. 

2. After reaching a maximum value, the portal-hepatic venous and the ar- 
terial-hepatic venous differences decrease until death occurs. 

3. The ability of the liver to remove lactate varies. During the first hour 
after bleeding (70 per cent hemorrhage) the actual portal-hepatic venous differ- 
ence may rise as high as —20.7 mgm. per cent. However, when this increase in 
the amount of lactate removed by the liver occurs, it does not mean that the 
fraction of the lactate removed (0 to 29 per cent) is necessarily greater than that 
removed during the control period (0 to 48 per cent). As the hypoxia continues 
the ability of the liver to remove the lactate presented to it fails progressively and 
the arterial level of lactate rises accordingly. 

The author is indebted to Dr. James B. Allison and to Dr. Magnus I. Gregersen 
for suggesting this problem, and for their advice and encouragement during the 
course of the research, and also to Dr. Walter S. Root for his valuable assistance 
in the preparation of the manuscript. 
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In the human the average dietary intake of potential acid exceeds the intake 
of available base by some 30 to 80 m,eq. per day. This excess acid is neutralized 
by base derived from the bicarbonate of the body fluids, and if it were excreted 
in combination with this base, the alkali reserve of the body would be rapidly 
depleted. Two types of renal compensatory mechanisms provide for the ex- 
cretion of acid without the loss of equivalent amounts of fixed base. 1. The 
renal tubules convert the slightly alkaline glomerular filtrate into acid urine, and 
because acid is excreted in part in the free form, a saving of base is effected. This 
mechanism normally accoimts for the excretion of 10 to 30 m.eq. of acid per day. 
2. The renal tubules synthesize ammonia and convert the sodium salts present 
in the glomerular filtrate in part to ammonium salts, in which form they are ex- 
creted. An equivalent amount of fixed base is retained in the body. This 
mechanism normally accounts for the excretion of 20 to 50 m.eq. of 
acid per day. 

The ability of the kidney to excrete an acid urine and thus to conserve base 
depends upon the quantity of buffer available to the kidney. Normally this 
buffer consists largely of phosphate. In plasma at pH 7.4 phosphate exists as a 
mixture of Na 2 HP 04 and NaH 2 P 04 in a ratio of 4 parts of the dibasic salt to one 
part of the monobasic salt. In the most acid urine which can be excreted, 
namely, a urine of pH 4.8, practically all of the phosphate exists in the monobasic 
form. Thus per mol of phosphate excreted at this pH, 0.8 equivalent of base 
is conserved. At a pH of 4.8 only insignificant amounts of free hydrochloric 
and sulfuric acids can exist. Hence base conservation in excretion of these 
acid anions must be effected wholly by the conversion of sodium salts to ammo- 
nium salts. These general principles are well reviewed by Peters and Van Slyke 
(12) and by Gamble (7) and need no further comment here. 

The process by which the renal tubules acidify the urine is the subject of the 
present investigation. The general reaction, 

Na2HP04 + H2CO3 ^ NaH2P04 + NaHCOs 

(excreted) (reabsorbed) 

is ordinarily considered in studies of acid base metabolism to be an adequate 
treatment of the renal contribution to the problem.^ Actually three theories as 
to the nature of the renal processes involved have been postulated, all based upon 
this fundamental reaction. Figure 1 illustrates diagrammatically the concepts 
involved in these theories. 
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1. The phosphate reabsorption theory. An ultrafiltrate of plasma containing 
Na2HP04 and NaH2P04 in a ratio of 4: 1 is formed at the glomeruli. According 
to the phosphate reabsorption theory, the NaH2P04 is excreted, whereas the 
Na2HP04 is reabsorbed by the renal tubules and returned to the postglomerular 
blood. The dibasic phosphate which is reabsorbed reacts in part with the free 
carbonic acid of blood to restore the normal ratio of dibasic and monobasic 
phosphates (Peters and Van Slyke, 12). 

2. The carbonic acid filtration theory. In addition to phosphate, the glomerular 
filti’ate contains NaHCOa and H2CO3 in a ratio of 20:1. According to the car- 
bonic acid filtration theory, the renal tubules are completely impermeable to 
H2CO3, whereas they actively reabsorb NaHCOs. Thus the reaction between 


FILTRATE pH 7.4 
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NAH2PO4 

Hk2HP% 


PHOSPHATE REABSORPTION THEORY 



+ NA2HPO4 — ► 


NA2HPO4 


NAH2PO4 
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NA2HPO4 
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CARBONIC ACID FILTRATION THEORY 



NA 2 H P 04 4^ H^CO^ ^ ^HC^-F NANgPC^ 


NAHCO 3 


NaH^04 


NAH2PO4 

NA2HPO4 


TUBULAR IONIC EXCHANGE THEORY 



NA+H2P0^ + Na+Na-^HPOa 

— 


H+HC03 


NAH2PO4 


Fig. 1. Theories of the nature of the renal mechanism for acidifying the urine. In each 
diagram the kidney is represented as a single nephron composed of a glomerulus on the left, 
followed by a reUal tubule consisting of proxim^<l and distal segments. 


dibasic phosphate and carbonic acid occurring in the lumen of the renal tubules 
is forced to the right by the reabsorption of NaHCOa, and the monobasic phos- 
phate which is formed is excreted in the urine (Sendroy, Seelig, and Van Slyke, 
14). 

3. The tubular ionic exchange theory. According to this theory, the significant 
constituents of the glomerular filtrate are monobasic and dibasic phosphate. 
Bicarbonate and carbonic acid are both reabsorbed in large part and accordingly 
need not be considered. In the passage of the filtrate down the tubules 
ions derived from the tubular cells are exchanged for Na+ ions in the tubular 
lumen, converting the dibasic phosphate to the monobasic form. The source 
of the ions is H2CO3 produced within the tubular cells or derived by them from 

the carbon dioxide of the postglomerular blood (Smith, 15). 
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Any one of these three theories explains adequately the titratable acidity and 
the pH of normal urine. However, each theoretical mechanism has inherent 
within it a specific limitation of its capacity to effect the excretion of acid. Ac- 
cording to the phosphate reabsorption theory and the carbonic acid filtration 
theory all of the acid which appears in the urine was initially filtered through the 
glomeruli. In the former theory NaH2P04 constituted the filtered acid; in the 
latter theory H2CO3 constituted the filtered acid. According to the ionic ex- 
change theory, acid is added to the glomerular filtrate by the renal tubules. 
Thus the first two theoretical mechanisms are limited by the quantity of acid 
present in the original filtrate, whereas the third is limited by the quantity of 
acid which the tubules can add to this filtrate. It occurred to us that one might 
utilize these specific limitations of capacity as a means of identifying the true 
nature of the mechanism for acidif3dng the urine. Accordingly we have stimu- 
lated the renal acidifying mechanism in dogs by the repeated feeding of hydro- 
chloric acid, and have provided the animals with a large excess of buffer in con- 
tinuous intravenous infusions. We have found that the titratable acidity of the 
urine under such experimental conditions is so great that it can be explained 
only by a mechanism 'which involves the tubular transport of acid. Biologically, 
the most reasonable mechanism of this type is the one which effects an exchange 
of H+ ions for Na+ ions across the renal tubular epithelium. 

Methods. In all, 18 experiments were performed on 4 trained female mongrel 
dogs weighing between 16 and 20 kgm. The animals were rendered acidotic 
by the daily administration of 500 cc. of 1 per cent hydrochloric acid by stomach 
tube for at least 4 days preceding the day of the experiment. This amount of 
acid was likewise given at the beginning of each experiment. Unfortunately 
the loss of variable amounts of acid by vomiting caused considerable variations 
in the degree of acidosis attained. The dogs were fasted for 18 to 24 hours 
prior to the experiment. During an experiment the animals were loosely re- 
strained on a comfortable animal board. Urine was collected by catheter and 
the bladder was washed out with 10 cc. of distilled water at the end of each urine 
collection period. Bloods were drawn from the jugular vein or from an indwell- 
ing needle in the femoral artery at the mid-point of each urine collection period. 

Creatinine and sodium phosphate (pH 7.4) were administered in continuous 
intravenous infusions into the saphenous vein at rates of 5 or 10 cc. per minute. 
The plasma concentration of cre^atinine was maintained relatively constant 
during the course of an experiment at levels of 20 mgm. per cent or more to 
ensure accuracy of determination in both plasma and urine. The clearance of 
creatinine has been used as a measure of the rate of formation of ^omerular fil- 
trate. The quantities of phosphate or carbonic acid filtered through the glomer- 
uli in a minute’s time were calculated as the product of the glomerular filtration 
rate in cubic centimeters per minute and the plasma concentration of phosphate 
and carbonic acid in millimols per cubic centimeter. The quantity of phosphate 
reabsorbed was calculated as the difference between the quantity filtered and the 
quantity excreted (13). 

In experiments 1 to 6, arterial bloods were dravm in oiled syringes and de- 
livered under oil into centrifuge tubes. The tubes were completely filled with 
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blood and sealed with tight fitting rubber stoppers. Minimal quantities of 
neutral potassium oxalate and fluoride were used to prevent clotting and glycoly- 
sis. After centrifugation the carbon dioxide content of the plasma was deter- 
mined by the method of Van Slyke and Sendroy (19). Analyses were made 
within a few hours and plasmas were iced until analyzed. Arterial pH was 
determined electrometrically on samples of whole blood drawn directly into a 
hypodermic type glass electrode without exposure to air. The electrode when 
filled was cooled rapidly to room temperature by immersion in a water bath. 
The blood pH was immediately determined at room temperature and corrected 
to 38°C. by subtracting 0.014 pH unit per degree difference in temperature 
(11). In other experiments (7 to 10) the carbon dioxide combining power of 
venous blood was determined by the method of Van Slyke and Neill (18). The 
pH of urine was determined electrometrically, and the titratable acidity of the 
urine was determined by titrating it to the observed pH of the arterial plasma. 
In experiments in which venous bloods were drawn and pH measurements on 
arterial blood were not available, the urines were titrated arbitrarily to pH 7.35. 
Two errors of small magnitude enter into these measurements on urine: pH 
measurements were made at room temperature and were not corrected to body 
temperature; no precautions were taken to prevent loss of carbon dioxide from 
the urine. Since the urines for the most part were acid and strongly buffered, 
and since the titrations were begun and ended at room temperature, the errors 
introduced were small and have been disregarded. The preparation of plasma 
filtrates and the analysis of creatinine and phosphate have been described in a 
previous communication (13). Sulfanilamide was analyzed by a modification 
of the method of Bratton and Marshall (2) on trichloracetic acid filtrates of both 
plasma and mine. 

Results. Proof of the tubular transport of acid- Experiments presented in 
tables 1 and 2 demonstrate that if conditions are properly chosen, the quantity 
of titratable acid excreted in the urine may far exceed the quantity of acid filtered 
through the glomeruli. These experiments therefore prove the existence of some 
tubular mechanism for the transportation of acid from the postglomerular blood 
into the tubular lumen. In 4 experiments shown in table 1, from 0.198 to 0.380 
m.eq. of titratable acid were excreted per minute, roughly equivalent to 3000 
to 6000 cc. of 0.1 N acid per day. The acidosis and the high rate of excretion of 
phosphate are the significant factors which account for the high titratable acid- 
ity. The acidosis in our experimental animals was moderate, as is indicated by 
arterial CO 2 contents of 14 to 18 mM. per 1. The normal value for the dog 
is 23 to 26 mM. per 1. The arterial blood pH was somewhat reduced, perhaps 
as a result of the continued absorption of acid throughout the course of the ex- 
periment. However an important factor deteimining the high rate of acid ex- 
cretion is the high rate of phosphate excretion. To attain excretion rates of 
approximately 0.5 mM. per min. the plasma concentration was elevated to some 
10 times the normal value by the continuous infusion of phosphate. 

In the latter half of table 1 is presented a critical analysis of the data in terms 
of the titratable acidity of the urine. The values for observed titratable acidity 
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were determined experimentally by titrating the urines electrometrically to the 
pH of the plasma. Substituting the quantities of buffer excreted, the observed 
pH values of the blood and urine, and the pK' constants of the various buffers 
involved (phosphate 6.8, bicarbonate 6.1, and creatinine 4.97) into the Hender- 
son-Hasselbalch equation, it was possible to calculate values for titratable acidity 
in the several ways noted in the remaining columns of the table. The titratable 
acidity of the urine was first calculated from the quantity of phosphate excreted 
and the observed pH of the urine. This calculated value approximates the ob- 
served titratable acidity, for the urinary buffer in these experiments was largely 
phosphate. However creatinine has some buffering capacity within this range 
of urinary pH. Since considerable quantities of creatinine were administered 
to measure glomerular filtration rate, its buffer value was significant although 
small. The sum of the titratable acidities calculated from the phosphate and 
creatinine excreted agrees closely with the observed titratable acidity. The 
maximum deviation is 4.5 per cent and the average agreement is within 2 per 
cent. The data therefore are sufSciently accurate to justify further analysis. 

The quantity of titratable acid which could be excreted if the phosphate reab- 
sorption theory were correct is rather low. It is apparent from the table that the 
total quantity of phosphate reabsorbed amoimted to 0.100 to 0.151 mM. per min. 
If only dibasic phosphate were reabsorbed, the excess monobasic phosphate ex- 
creted in the urine would approximate | of this amount. This excess monobasic 
phosphate would constitute the titratable acid of the urine. Accordingly this 
theory can account for only 6.8 to 11.6 per cent of the observed urinary acid. 

The quantity of titratable acid which could be excreted if the carbonic acid 
filtration theory were correct is somewhat greater than that calculated on the 
basis of the phosphate reabsorption theory. The concentration of carbonic 
acid in the arterial plasma was calculated from the pH of the plasma and its 
CO 2 content. Multiplying this concentration by the rate of glomerular filtration 
gave the quantity of carbonic acid filtered each minute. If one assumes that 
no carbonic acid diffused back across the renal epithelium, i.e., that all the fil- 
tered carbonic acid appeared in the urine as titratable acid in the form of mono- 
basic phosphate, the maximum acidity which this theory can explain amounts to 
only 16.5 to 26.5 per cent of the observed acidity. 

These data demonstrate that both the phosphate reabsorption theory and the 
carbonic acid filtration theory are inadequate to account for the excretion of 
titratable acid under the conditions of our experiments. Since monobasic phos- 
phate and carbonic acid are the only significant sources of acid in the glomerular 
filtrate, the high titratable acidities observed prove that acid must have been 
added by the renal tubules. In fact the data show that the sum of these two 
acids in the filtrate could account for only 24 to 37 per cent of the excreted acid. 
Therefore no less than f to f of the acid must have been added by the renal 
tubules. The tubular exchange of H+ ions for Na+ ions is but one of two possible 
mechanisms which can account for the acidification of the urine. Another pos- 
sible mechanism is the tubular secretion of acid in molecular form. For reasons 
which will be detailed later we favor the ionic exchange hypothesis. 
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Acidification of the urine, if it is effected by a process of tubular exchange of 
H+ ions for Na+ ions, should be independent of the nature per se of the mecha- 
nism for excretion of the buffer. It should however be conditioned by the phys- 
ico-chemical characteristics of the buffer. The more acid the pK' of the buffer, 
the less readily should the tubular cells exchange their ions for ISTa"^ ions within 
the tubular lumen. Preliminary experiments with p-aminohippurate (pK', 
3.83) and creatinine (pK', 4.97) indicated the verity of the above assumptions. 
That is, p-aminohippurate although filtered and secreted by the kidney is a poor 
renal buffer, because its buffering capacity is low within the physiological range 
of urine pH. Creatinine which is filtered through the glomeruli, but neither 
secreted nor reabsorbed, is a fair renal buffer, because approximately half of its 
buffering capacity is utilized in forming prine of pH 5.0. Creatinine as a buffer 
is peculiar in that it is a base. In blood at pH 7.4 it is almost completely in the 
form of the free base. In urine at pH 5.0 it is approximately one-half in the form 
of the acid salt of creatinine. We infer that the mixture of sodium chloride and 
free creatinine filtered through the glomeruli is transformed in part to creatinine 
hydrochloride in its passage through the renal tubules by the tubular exchange 
of H"*" ions for Na+ ions. 

Table 2 summarizes two representative experiments on acidotic dogs in which 
the major urinary buffer was creatinine. The plasma concentration of creatinine 
was raised to 180 to 219 mgm. per cent (16 to 19 mM. per 1.) in order to cause the 
excretion of 1.22 to 1.59 mM. of creatinine per min. The degree of acidosis of 
the animal in experiment 5 was considerably greater than that in any other ex- 
periment in this series. The plasma phosphate concentration was very low in 
both experiments and as a consequence essentially no phosphate was excreted. 
The titratable acid of the urine, although considerably less than in the experi- 
ments with phosphate, was still high, varying between 0.099 and 0.146 m.eq. 
per min. This value is equivalent to the excretion of approximately 1500 to 
2000 cc. of 0-1 N acid per day. It is apparent that the observed titratable acid 
agrees adequately with the acid calculated from the creatinine excreted and the 
urinary pH. The phosphate reabsorption theory is obviously incapable of ex- 
plaining the acidity of the urine for essentially no phosphate was excreted. 
Furthermore since creatinine is present in the blood almost entirely in the form 
of free base, and since creatinine is not reabsorbed by the renal tubules, the con- 
cept of reabsorption of a basic component of a buffer mixture and excretion of an 
acid component is completely eliminated as an explanation of urinary acidifica- 
tion. The carbonic acid filtration theory is also incapable of explaining the 
observed urinary acid in these experiments. The inadequacy of this theory is 
somewhat less striking in experiment 6 than in the experiments in table 1, owing 
to the lesser excretion of titratable acid. However, the experiments presented 
in table 2 provide adequate confirmation of the general thesis that the elimina- 
tion of acid in the urine is dependent on a tubular excretory process. 

The rdle of renal carbonic anhydrase. The ultimate source of the ions which 
are added to the glomerular filtrate in its passage through the renal tubule must 
be carbonic acid. No other source of acid of suflScient magnitude (0.4 m.eq. 
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per min.) is available to the kidney. The carbonic acid is no doubt derived 
both from the carbon dioxide of the peritubular blood and from that produced 
in the metabolism of the tubular cells. Wherever it is necessary to hydrate 
carbon dioxide to carbonic acid in large amounts, e.g., the red cells (9) the gastric 
mucosa (3) or the pancreas (17), one finds the enzyme carbonic anhydrase. 
According to Davenport and Wilhelmi (5) the cortex of the kidney contains this 
en 2 yme in high concentration. Sulfanilamide has been shown to be an inhibitor 
of carbonic anhydrase in \itro by Maim and Keilin (8), and to reduce the forma- 

TABLE 3 


The effect of sulfanilamide on the pH of the urine and the rate of excretion of titratable acid in 

acidotic dogs 

The major urinary buffer in these experiments was phosphate 


TOTAL 

PLASMA CONCENTRATION 

GLOMERU- 
LAR 
riLTRA- 
TION RATE 

URINE 

BUFFER 

EXCRETED 

TITRATABLE ACID 

CONCUK- 

RENTTIME 

Phos- 

phate 

Creati- 

nine 

Sulfani- 

lamide 

COa 

combin- 

ing 

power 

Flow 

pH 

Phos- 

phate 

Creati- 

nine 

Ob- 

served 

Total 

j calculated 


Experiment 7; dog 5 


min. 

mU./l 

mgm. 

% 

mgm. 

% 

vol. % 

cc./min. 

CC.J 

min. 


mM.f 

min. 

mU./ 

min. 

mEq.f 

min. 

mEq./ 

min. 

observed 

100-110 

10.0 

34.5 

0.0 

50.0 

66.6 

3.0 

6.30 

0.516 

0.203 

0.306 

0.297 

97.1 

110-120 

9.74 

32.4 

0.0 

49.8 

70.3 

4.6 

6.39 

0.542 

0.202 

0.291 

0.288 

99.0 

140-150 

9.20 

30.3 

17.3 

49.6 

70.0 

10.1 

6.71 

0.534 

0.188 

0.189 

0.188 

99.5 

150-160 

9.16 

30.6 ' 

23.6 

49.8 ' 

72.4 

13.2 

6.79 

0.557 

0.196 

0.175 

0.170 

97.2 

160-170: 

9.26 

31.5 

30.5 

50.0 

70.3 

14.2 

6.83 

0.550 

0.196 

0.156 

0.154 

98.7 

170-180 

9.54 

32.9 

37.4 ! 

49.9 1 

66.1 

15.2 

6.83 

0.544 

0.192 

0.155 

0.154 

99.3 


Experiment 8; dog 5 


105-115 

9.35 

29.8 

0.0 

47.7 

69.8 

6.1 

5.55 

0.535 

j 0.184 

j 0.435 

0.431 

99.1 

115-125 

9.48 

29.6 

0.0 

47.9 

74.3 

8.8 

5.57 

0.593 

0.194 

0.466 

0.467 

100.2 

125-136 

9.67 

29,6 

0.0 

48.0 

74.8 

11.3 

5.61 

0.619 

0.196 

0.478 

0.471 

98.6 

155-165 

9,90 

31.1 

i 

54.0 ; 

45.7 

76.9 

16.5 

6.67 

0.687 

0.211 

0.234 

0.243 

103.8 

165-175 

10.1 

32.0 

66.0 

47.5 

75.6 

16.7 

6.77 

0.700^ 

0.214 

0.199 

0.207 

104.0 

175-185 

10.7 

1 

33.1 

78.4 

48.5 

71.6 

15.6 

6.81 

0.679 

0.210 

0.177 

0.186 

105.0 


tion of acid in the gastric mucosa in vivo by Davenport (4). Furthermore the 
administration of sulfanilamide in therapeutic doses frequently produces a mild 
acidosis clinically which is characterized by an increase in the pH of the urine 
(16). It is reasonable therefore to presume that carbonic anhydrase may play 
some r61e in the cellular processes involved in acid excretion (1,6). 

The nature of the r61e of renal carbonic anhydrase was investigated in a series 
of 8 experiments, representative examples of which are given in tables 3 and 4. 
In the experiments shown in table 3, phosphate was the major urinary buffer. 
The administration of sulfanilamide sharply reduced the observed titratable 
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acid of the urine. Since the quantity of buffer excreted was unaffected, the re- 
duction of titratable acid was brought about by the increase in urinary pH. The 
increase in urinary pH was greatest in experiment 8; therefore the titratable 
acid decreased most in this experiment. However in both experiments consider- 
able quantities of acid were eliminated at a time when the plasma concentration 
of sulfanilamide was very high. Since much lower concentrations of sulfanil- 
amide than these inhibit the enzyme in vitro, it would appear that carbonic 
anhj^’drase, though it plays a r61e in acidification of the urine, is not essential to 
the process. Two additional experiments on other dogs gave identical results. 

TABLE 4 

The effect of sulfanilamide on the pH of the urine and the rate of excretion of titratable acid in 

acidotic dogs 

The major urinary buffer in these experiments was creatinine 


TOTAL 

C02ICXJR- 

REOTTIME 

PLASMA CONCENTRATION 

GLOMERU- 

LAR 

FILTRA- 
TION RATE 

URINE 

BUFFER 

EXCRETED 

TITRATABLE ACID 

Phos- 

phate 

Creati- 
nine 1 

! 

Sulfani- 

lamide 

CO2 

combin- 

ing 

Power 

Flow 

pH 

Phos- 

phate 

Creati- 

nine 

Ob- 

served 

Total 

calculated 


Experiment 9; dog 5 


min. 

mM./l. 

mgm. % 

wg. % 

vol . % 

cc./min. 

cc.f 

min. 


mU./ 

min. 

mM.f 

min. 

mEq.f 

min. 

mEq.f 

min. 

o^seiied 

90-100 

0.768 

131 

0.0 

44.7 

96.7 

6.3 

5.76 

0.002 

1.12 

0.148 

0.154 

104.0 

100-110 

0.681 

128 

0.0 

43.9 

96.6 

7.8 

5.76 

0.001 

1.11 

0.150 

0.152 

101.4 

130-140 

1 0.584 

126 

20.2 

43.6 

89.4 

12.5 

5.95 

0.001 

0.992 

0.094 

0.091 

96 . 8 ’ 

140-150 

0.586 

129 

27.4 

44.5 

100.0 

14.0 

6.29 

0.001 

1.15 

0.050 

0.049 

102.0 

150-160 

i 0.590 

135 

36.4 

46.1 

93.8 

14.0 

6.69 

0.001 

1.12 

0.019 

0.021 

110.0 

160-170 

! 0.600 

138 

43.7 

47.5 

90.6 

14.4 

7.16 

0.001 

1.10 

0.003 

0.003 

100.0 


Experiment 10, dog 5 


90 - 100 i 

0.442 

145 

0.0 

31.6 

68.6 

6.6 

5.54 

0.001 

0.878 

0.180 

0.182 

101.2 

100-110 

0.380 

140 

0.0 

31.8 

73.2 

7.2 

5.54 

0.001 

0.907 

0.180 

0,188 

104.5 

110 - 120 ' 

1 

0.332 

135 ' 

0.0 

32.0 

71.9 

8.0 

5.54 

0.001 

0.856 

0.181 

0.177 

97.8 

130-140 

0.252 

126 

35.1 

33.0 

75.1 

11.6 

5.79 

0.001 

0.834 

0.110 

0.108 

98.2 

140-150 

0.242 

119 

38.4 

34.0 

76.6 

9.6 

5.82 

0.001 

0.805 

0.100 

0.098 

98.0 

150-1601 

0.252 

133 

45.6 ! 

35.0 1 

75.4 

10.1 

1 

5.92 

0.001 

0.889 

0.087 

0.087 

100.0 


In the experiments sho^vn in table 4, creatinine was the major urinary buffer. 
In experiment 9, the administration of sulfanilamide reduced the excretion of 
titratable acid from 0.150 m.eq. per min. to essentially zero. In experiment 10, 
although the titratable acidity was significantly diminished by the administra- 
tion of sulfanilamide, considerable quantities of acid were still eliminated. Two 
additional experiments were performed on two other dogs. One experiment 
duplicated experiment 9, and one was similar to experiment 10. Why sulfanil- 
amide completely blocked the excretion of titratable acid in two experiments, and 
only diminished it in the other two experiments is not clear. The only essential 
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difference between the two groups of experiments was in the degree of acidosis. 
In both experiments in which the excretion of acid was blocked, the CO 2 combin- 
ing power of the plasma was in a range of 43 to 48 voL per cent. In both experi- 
ments in which the excretion of acid was merely diminished, the CO 2 combining 
power of the plasma was in a range of 30 to 35 voL per cent. Despite these 
inconsistencies, the creatinine experiments confirm our general thesis that car- 
bonic anhydrase plays a r61e in the cellular mechanism for acidifying the urine, 
but that it is not essential to that mechanism. The hydration of carbon dioxide 
to carbonic acid proceeds fairly rapidly in the absence of carbonic anhydrase. 
The enzyme merely speeds the process. It is possible to assume that the reduc- 
tion in the rate of excretion of titratable acid when the enzyme is inhibited by 
sulfanilamide represents the effect of reducing the rate of hydration of carbon 
dioxide to its non-enzymatic level.^ On the other hand, the enz 5 nne may not be 
inhibited completely in vivo by the sulfanilamide concentrations attained in 
these experiments. Higher plasma concentration^ of sulfanilamide cannot be 
attained safely, for in these experiments the animals were ataxic and exhibited 
spastic rigidity of the limbs and opisthotonus for as long as 12 to 48 hours follow- 
ing termination of the experiment. However none of the animals died or showed 
subsequent evidence of any renal damage. 

Discussion. The data presented above are conclusive in showing that the 
quantity of acid excreted in the urine may far exceed the quantity of acid fil- 
tered through the glomeruli. Therefore the urine must be acidified by some renal 
tubular mechanism which adds H+ ions to the glomerular filtrate. The only 
intracellular source for the large quantity of H+ ions required is carbonic acid, 
formed within the tubule ceUs by the hydration of carbon dioxide. Supporting 
this concept are the experiments with sulfanilamide. The inhibition of carbonic 
anhydrase by this drug and the consequent retardation of the rate of hydration 
of carbon dioxide impair the ability of the renal tubules to acidify the filtrate. 

The tubular mechanism for the addition of H+ ions to the filtrate has been 
related to a process of ionic exchange. Actually there is a variety of ways in 
which this might be effected. The simplest and to us the most acceptable con- 
cept would be a direct exchange of H+ ions for Na+ ions, thereby accomplishing 
in a single process the desired end, namely, the excretion of acid and the conserva- 
tion of base. The various salts present in the filtrate are in ionized form, and it 
seems reasonable to assume that the kidney operates on ions, not molecular 
species, within the limitations imposed by the necessity for maintaining ionic 
electroneutrality. This latter condition is met by the exchange of H+ ions for 
Na+ ions across the tubular epithelium. It is possible however to postulate 
various indirect methods by which this ionic exchange might be carried out. 
For example, either HCl or H 2 CO 3 might be secreted by the tubule cells into the 
lumen. These acids would react with urinary buffers with the production of 
NaCl or NaHCOs. We have observed experimentally that large quantities of 
titratable acid may be eliminated as NaH 2 P 04 , yet the urine may be essentially 
chloride and bicarbonate free. Therefore if either HCl or H 2 CO 3 is secreted by 


^ See addendum. 



250 


BOBEST E. PITTS AND BOBEET S. ALEXAKDEE 


the tubule cells, the NaCl or NaHCOs formed must be subsequently reabsorbed 
from the urine. It will be noted that the end result of such a mechanism is to 
exchange H+ ions for Na+ ions, although the details of the process are different 
from those postulated above. At present it does not appear possible to obtain 
conclusive evidence as to whether direct or indirect processes accomplish this 
ionic exchange. 

Our concepts of the nature of the cellular mechanism are presented in diagram- 
matic form in figure 2 which illustrates a single renal ceU from that part of the 
distal tubule which is concerned with acidification of the urine. The luminal 
border of this cell is in contact with urine; the opposite border is in contact with 
interstitial fluid which is in diffusion equilibrium with the peritubular blood. 

ions dissociated within the cell are exchanged across the luminal border for 
Na"^ ions in the tubular urine. There appears to be a maximum concentration 

TUBULAR DISTAL TUBULE CELL TUBULAR 



Fig. 2. Diagrammatic representation of the nature of the renal cellular mechanism for 
acidifying the urine. A single cell from the distal segment of the renal tubule is illustrated. 

gradient for ions which can be established across this membrane. In urine 
of maximum acidity, pH 4.8, the concentration of H+ ions is approximately 400 
times greater than in the blood. The actual gradient across the luminal mem- 
brane is unknown, for the pH of the interior of the tubular cell has not been 
measured. The gradient between urine and blood is that established across 
both membranes. When the urinary content of buffer is raised, the quantity 
of H+ ions which can be transferred is much increased, for the concentration 
gradient against which they are transferred may be considerably reduced. 
For example in table 1, experiment 3, period 4, 0.300 m.eq. of H+ ion per min. 
was transferred against a gradient of only 8:1. In the absence of buffer, de- 
spite a maximum gradient of 400:1, negligible quantities of H+ ion are trans- 
ferred; i.e., the titratable acidity is very low. Obviously the pK' of the buffer 
affects the process of transfer of H'^ ions: the lower the pK', the greater the con- 
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centration gradient which must be attained in order to transfer a given quantity 
of H+ ions. Phosphate, pK' 6.8, is a much more effective urinary buffer than 
is creatinine, pK' 4.97. 

The intracellular production of large quantities of H+ ions is dependent upon 
the rapid hydration of carbon dioxide to carbonic acid. The cellular sources of 
carbon dioxide are two: it is produced by cellular metabolic processes and is 
derived from the postglomerular blood. Carbonic anhydrase, by speeding the 
hydration of carbon dioxide, increases the rate of production of H"*" ions in the 
tubular cells. Our experiments with sulfanilamide indicate, however, that 
carbonic anhydrase may not be essential for the elimination of acid in the urine. 
The hydration of carbon dioxide proceeds with moderate rapidity in vitro in the 
absence of enzyme. The non-enzymatic rate of hydration is probably sufficient 
to explain the residual titratable acidity in those experiments in which the en- 
zyme was presumably inhibited by sulfanilamide. 

HCOs" ions formed by the dissociation of carbonic acid are absorbed into the 
renal tubular blood in combination with equivalent numbers of Na"^ ions. The 
mechanism thus accomplishes the excretion of acid and the retention of base by 
a single fundamental process based primarily on the exchange of H+ ions for 
Na+ ions. 

Acidification of the urine is a process which requires the expenditure of energy. 
If energy were applied to effect the movement of one ion type at any one of sev- 
eral points, the rest of the system might function spontaneously. Thus if 
ions were actively pumped out of the cell into the tubular lumen, Na+ ions would 
have to move in the reverse direction to maintain ionic balance. The high cellu- 
lar concentration of sodium bicarbonate would set up a diffusion gradient be- 
tween the interior of the cell and the tubular blood. Passage of bicarbonate 
into the blood would be determined by diffusion forces. Presumably selective 
impermeability of the luminal membrane in the reverse direction would prevent 
diffusion back into the urine. On the other hand, if sodium bicarbonate were 
actively pumped out of the cell into the tubular blood, all other processes might 
occur by diffusion. Or if energy were utilized to force Na+ ions into the cell, 
diffusion forces might account for the movements of the remaining components. 
We know of no valid reason for choosing between these several possibilities. 
However no system dependent entirely on diffusion processes could account for 
the continued movement of acid from blood to urine. Energy must be expended 
at some point. 

While the evidence is conclusive that acidification of the urine is effected in 
large part by some renal cellular mechanism, do the phosphate reabsorptive mecha- 
nism and the carbonic acid filtration mechanism contribute to the excretion of 
acid? From evidence on the dog and amphibian kidney, the phosphate reab- 
sorptive concept may be entirely ruled out. Walker and Hudson (20) have 
shown in the frog that phosphate is reabsorbed in the proximal tubule, whereas 
Montgomery and Pierce (10) have shovm that acidification of the urine is effected 
in a very localized segment of the distal tubule. Since the pH of the tubular 
urine does not change in the proximal tubule where phosphate is reabsorbed, 
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dibasic and monobasic phosphate must both be reabsorbed, and furthermore 
they must be reabsorbed in the same proportions as they exist in the blood. 
Hence reabsorption of phosphate cannot contribute to the acidity of the urine. 
The evidence on the dog confirms this view indirectly. The maximum reabsorp- 
tive capacity for phosphate was shown by Pitts and Alexander (13) to be the same 
in normal and in acidotic dogs. The normal animals excreted small quantities 
of titratable acid, the acidotic animals excreted large amounts. Therefore the 
excretion of acid could not be determined in any way by the reabsorption of 
phosphate. 

In general the same line of argument can be used to negate any appreciable 
contribution of a carbonic acid iSltration mechanism. Thus in the frog water is 
reabsorbed in the proximal tubule, the total osmotic pressure of the fluid in the 
lumen remains constant (21), therefore bicarbonate is reabsorbed in proportion 
to the reabsorption of water. Since pH does not change in the proximal tubule, 
carbonic acid or more properly dissolved carbon dioxide must diffuse back in 
proportion to bicarbonate. It cannot therefore contribute appreciably to the 
acidity of the urine. In the dog it is presumed that obligatory water reabsorp- 
tion in the proximal tubule reduces the volume of fluid to | of that in the original 
glomerular filtrate (15). If the urine is acidified in the distal tubule, it is obvious 
that I of the dissolved carbon dioxide must have diffused back in the proximal 
tubule before the segment was reached in which acidification is effected. A 
more indirect line of evidence likewise argues against the carbonic acid filtration 
concept. Carbon dioxide in an aqueous medium is largely in the form of the 
dissolved gas and only a small proportion is in the form of carbonic acid. Cell 
membranes in a moist state are uniformly permeable to carbon dioxide. It is 
highly improbable that the renal epithelium is so very different from other cell 
membranes as to be completely impermeable to carbon dioxide. Therefore one 
would expect some approach to equilibrium conditions to be maintained all along 
the renal tubule between the urine and the renal venous blood. Hence carbonic 
acid in the filtrate could contribute little to urinary acidity. Occasional high 
tensions of carbon dioxide in bladder urine can be explained in two ways: 1, 
the result of the mixture of acid and alkaline urine in the bladder; 2, the re- 
sult of the delayed dehydration of carbonic acid to carbon dioxide in the tubu- 
lar urine, which is of course devoid of carbonic anhydrase. 

It is instructive to relate these experiments on the dog to observations made on 
man in conditions of clinical acidosis. In severe diabetic acidosis the titratable 
acidity of the urine may increase to as much as 1500 cc. of 0.1 N acid per day 
(12). Much higher rates of acid elimination have been attained in our experi- 
ments on dogs. For short periods rates equivalent to 6000 cc. or more of 0.1 
N acid per day have been observed during the infusion of phosphate. This 
quantitative difference is certainly related to the physicochemical properties of 
the buffer excreted and not to a greater effectiveness of the acid eliminating 
mechanism in the dog. The major buffer acid in the urine of the diabetic is B- 
hydroxybutyric, the pK' of which is 4.7. It is therefore somewhat less effective 
as a urinary buffer than is creatinine, and far less effective than is phosphate. 
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Rates of acid elimination in the dog during the infusion of creatinine are more 
nearly comparable to those obser\’'ed in the diabetic, namely, rates equivalent to 
1500 to 2000 cc. of 0.1 N acid per day. In chronic diffuse glomerulonephritis 
the capacity of the kidney to eliminate acid is reduced (12). Accordingly, acid- 
osis develops as a result of the daily dietary intake of an excess of potential acid 
forming substances. In terminal nephritis the titratable acid of the urine falls 
to as low as 5 or 10 cc. of 0.1 N acid per day, and the CO% combining power 
and pH of the blood fall as the alkali reserve of the body is progressively ex- 
hausted. 

SUMMARY 

In a series of 18 experiments on 4 trained female dogs rendered acidotic by the 
daily administration of hydrochloric acid by mouth, the following facts have 
been obseiwed, and the following inferences drawn from these facts. 

1. When the animals w^ere caused to excrete large quantities of buffer in the 
urine by the intravenous administration of infusions containing phosphate, as 
much as 0.380 m.eq. per min. of titratable acid was excreted. When the infu- 
sions contained creatinine in place of phosphate as much as 0.150 m.eq. per min. 
of titratable acid w^as excreted. In both series of experiments the quantity of 
acid excreted far exceeded the quantity of acid filtered through the glomeruli. 
Accordingly it has been demonstrated that a cellular mechanism must add acid 
to the glomerular filtrate as it passes through the renal tubules. 

2. It is suggested that this addition of acid is effected by the direct exchange 
of ions formed within the renal tubular cells for Na"^ ions present in the tubu- 
lar urine. This process probably occurs in the distal segment of the tubule. 

3. The intracellular source of ions is carbonic acid formed by the hydration 
of carbon dioxide produced metabolically within the renal cells and derived by 
them from the postglomerular blood. 

4. Renal carbonic anhydrase, by increasing the rate of hydration of carbon 
dioxide and hence the rate of formation of H+ ions, inci*eases the rate of acid 
elimination. The enzyme how'ever is probably not essential, for when it is in- 
hibited by sulfanilamide, acid elimination continues although at a slower rate. 

5. The ions w^hich enter the renal tubular cells in exchange for ions 
are absorbed into the peritubular blood as sodium bicarbonate. 

6. The pK' of the urinary buffer influences the quantity of acid excreted: the 
lower the pK', the less acid excreted. Accordingly phosphate is a more effec- 
tive urinary buffer than creatinine, and creatinine is more effective than is p- 
aminohippurate. 

7. The relation of these findings to the behavior of the kidney in clinical 
acidosis is briefly discussed. 

ADDENDUM 

Since this paper has been submitted, Davenport (J. Biol. Chem. 158: 567, 1945) has 
published a study of the inhibition of carbonic anhydrase by sulfanilamide. In concentra- 
tions of 25 to 50 mg. per cent, sulfanilamide inhibited 99.93 to 99.97 per cent of the enzyme 
present in red cells. However the remaining 0.03 to 0.07 per cent of the enzyme was capable 
of hydrating carbon dioxide at a rate from 17.5 to 34,2 per cent of the control. Davenport 
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emphasizes the fact that the enzyme is present in tissues in tremendous excess, and that 
complete inhibition of function of the enzyme could not be expected in previous studies on 
gastric secretion, pancreatic secretion, and renal acid excretion at the relatively low plasma 
concentrations of sulfanilamide employed. 

In our experiments plasma concentrations of sulfanilamide have ranged between 17 and 
78 mg. per cent- We may therefore expect that 99. 9"** per cent of the enzyme has been 
inhibited. Since we have loaded our animals with buffer and hence have increased the 
demands on the carbonic anhydrase system tremendously, the remaining active enzyme 
(probably less than 0.1 per cent) is less than adequate to maintain the control rate of acid 
elimination. However the residual excretion of titratable acid which we have noted (from 
2 to 50 per cent of the control) may be most logically assigned to the activity of this residual 
uninhibited fraction of the enzyme rather than to the non-enzymic hydration of carbon 
dioxide as noted in the text. The general agreement of our figures on reduction of function 
with those published by Davenport strengthens our conviction that renal carbonic an- 
hydrase is an important component in the mechanism for excretion of titratable acid. 
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THE SURVIVAL TIMES OF EVISCERATED RATS AS INFLUENCED 
BY THE CONTINUOUS INTRAVENOUS ADMINISTRATION 
OF A SOLUTION OF SODIUM CHLORIDE 

DWIGHT J. INGLE, EUTH SHEPPAED and HELEN A. WINTEE 
From the Research Laboratories , The Upjohn Company, Kalamazoo, Michigan 

Eeceived for publication March 31, 1945 

Laboratory animals usually die \tithin a few hours following the removal of 
the liver unless glucose is administered. We have been able to prolong tlie 
survival of eviscerated rats by the continuous intravenous injection of a solution 
of 0.9 per cent sodium chloride. 

Methods. Male rats of the Sprague-Dawley strain were used. The diet was 
Purina Dog Chow. When the rats reached a weight of 180 to 190 grams the 
inferior vena cava was ligated between the liver and kidneys in order to cause the 
development of a collateral circulation. Asepsis was preserved during this 
operation. When the animals reached a weight of 250 grams they were evis- 
cerated by the procedure described by Ingle and GriflBth (1). The animals 
were not fasted. All of the intra-abdominal organs were removed except the 
adrenals and the kidneys. 

Intravenous infusions were made by a continuous injection apparatus which 
delivered fluid from each of two syringes at the rate of 20 cc. in 24 hours. The 
infusions were started within 20 minutes following the removal of the liver. The 
apparatus was powered by a synchronous motor and the reduction of motion was 
achieved by a precision built system of gears and levers so that an exact control 
of the rate of injection was attained. The injections were made into the saphe- 
nous vein of the right hind leg. 

The analyses of blood glucose were made by the method of Miller and Van 
Slyke (2), Blood samples were taken from the tail just prior to the beginning of 
infusions and 2, 6 and 24 hours later in those animals which survived. In a few 
of the animals blood samples were taken at the time of death. 

Three experiments were carried out simultaneously. Each experimental 
group consisted of 12 animals. In experiment 1, the animals were operated under 
ether anesthesia and were observed without further treatment until death. In 
experiment 2, the animals were operated under barbiturate anesthesia (18 mgm. 
of cyclopentenyl-allyl-barbituric acid sodium by intraperitoneal injection), were 
secured in a supine position on an animal board and were observed without 
further treatment until death. In experiment 3, the animals w^ere operated un- 
der barbiturate anesthesia, w^ere secured in a supine position on an animal board 
and were given intravenous infusions of a solution of 0.9 per cent sodium chloride 
until death. 

Results. The times of survival and the values for blood glucose of indivdual 
animals are summarized in table 1. The animals wiiich were operated under 
ether anesthesia and left without additional treatment show’ed a range in survival 
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times of 5 to 22 hoiirs with an average of 16.6 hours. The animals which were 
eviscerated under barbiturate anesthesia and did not receive additional treat- 
ment showed a range in survival times of 7 to 27.5 hours with an average of 17,3 


TABLE 1 


Values for blood glucose in eviscerated rats 


EXPEHiaCENTAL CONDITION 

HOURS OR INPUSION 

FINAL 

HOURS 

SURVIVAL 

0 

2 

6 

24 

Barbiturate anesthesia and 

64.5 

47.5 

46.5 

34.5 

24.0 

30.0 

intravenous saline 

84.0 

47.7 

37.5 



20.0 


67.5 i 

28.5 

33.0 

31.0 


27.0 


94.5 

45.0 

42.0 

24.0 


27.0 


79.5 

* 34.0 

28.5 

28.0 


28.0 


76.5 

37.5 

35.5 

39.0 

41.5 

30,5 


63.0 

30.5 

37.5 

20.5 


25.0 


84.0 

47.5 

42.0 

34.5 

30.0 

31.5 


67.5 

34.0 

28.5 

31.5 


24.0 


70.5 

53.5 

21.0 

31.0 


25.5 


75.0 

42.0 

24.0 

18.0 


23.0 


69.0 

30.0 

24.0 

21.0 


25.0 

Barbiturate anesthesia 

60.0 

28.0 

46.0 



16-18 

No saline 

72.0 

39.0 

27.0 



9-11 


73.0 

31.5 

25.0 



16-18 


70.0 

29.5 

43.5 



17-19 


86.5 

41.5 

34.0 

41.5 

51.0 

27.5 


81.0 

40.0 

27.0 



20 


81.0 

40.5 

44.5 


33.0 

23 


73.5 

28.5 

27.0 



16 


71.0 

25.5 

20.5 



18 


77.0 

39.0 

29.5 


- 

15-17 


61.0 

45.5 

34.5 



17-19 


97.5 

34.5 

25.5 



7 

Ether anesthesia. No saline 

106.0 

33.0 

32.0 


: 43.5 

22 


98.0 

34.5 

24.0 


1 

15-17 


82.0 

20.5 

31.5 



18 


79.5 

32.5 

28.5 



20 


80.5 

30.0 

31.0 



17.5 


73.5 

24.0 



21.0 

5.5 


70.5 

43.5 

25.5 



18 


75.0 

36.0 



31.0 

5 


81.0 

34.5 

27.0 



16-17.5 


92.3 

36.8 

37.5 


46.0 

22 


87.8 

1 35.3 

30.0 



18 


93.8 

1 48.8 

51.8 



20 


hours. Similar animals which were infused with a solution of sodium chloride 
shoAved a range in survival times of 20 to 31.5 hours with an average of 26.4 hours. 
The animals which were eviscerated under ether anesthesia tended to have 
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higher initial values for blood glucose than the animals which were operated 
under barbiturate anesthesia. The blood glucose values tended to fall less rap- 
idly in the animals which were infused vdth saline although after six hours the 
values were similar in each of the three groups. The greatest decrease occurred 
within the first two hours following operation. Among the animals w^hich were 
infused with saline the average initial value w^as 74.6 mgm. per 100 cc. and at 
periods of 2, 6 and 24 hours later the average glucose concentrations had been 
reduced to 39.8, 33.3 and 28.4, respectively. There were four animals in which 
the blood glucose value at 24 hours w^as higher than either or both the tw^o and 
six hour levels. 

Discussion. The average survival of eviscerated rats was significantly pro- 
longed by the continuous intravenous injection of physiological saline. Roberts, 
Samuels and Reinecke (3) reported that fat-fed rats survived evisceration longer 
than carbohydrate-fed rats. Reinecke and Roberts (4) found that fasting rats 
survived evisceration longer than animals fed Purina Fox Chow up to the time 
of operation. The diet used in the present experiments was high in its content 
of carbohydrate and the animals w^ere not fasted prior to operation. In the 
experiments of Reinecke and Roberts (4) the survival times of fed animals were 
within the range of survival times of similarly tested animals (expt. 1) in the 
present study. 

The reason for the beneficial effect of the continuous intravenous injection of 
saline is not known to us. It may have to do wdth a better maintenance of 
circulatory mechanisms and be related to the observations of Russell, Long and 
Engel (5) and of Reinecke (6) that the withdraw’al of blood from the eviscerated 
rat increases the rate at which the blood glucose falls and shortens the time of 
survival. 

It is clear from these data and the results of others (3, 4, 6) that the rate of 
fall of blood glucose is negatively accelerated in the eviscerated non-nephrec- 
tomized rat. Roberts, Samuels and Reinecke (3) observed a sharp decline in 
oxygen consumption after evisceration w^hich leveled off to about 25 per cent 
that of the intact animal -within tw’o or three hours. There may have been other 
adaptive mechanisms leading to an almost total cessation of the removal of 
glucose from blood or it may have been supplied to the blood at a rate which 
equalled its loss either from tissue stores or by gluconeogenesis in tissues other 
than the liver (6). The few^ instances in which the amount of glucose in the 
blood appeared’ to rise may have been an artifact of sampling or analysis or it 
may have been due to the accumulation of non-fermentable reducing sub- 
stances (3). 


SUMMARY 

Male rats were eviscerated at a body iveight of 250 grams. The kidneys and 
adrenals were not removed. Animals operated under barbiturate anesthesia 
and infused intravenously with a solution of 0.9 per cent sodium chloride at a 
rate of 20 cc. per 24 hours survived from 20 to 31.5 hours with an average of 26.4 
hours. A control group which wras treated in an identical manner except fox 
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the administration of saline lived from 7 to 27.5 hours with an average of 17.3 
hours. A second control group which was operated under ether anesthesia 
survived from 5 to 22 hours wth an average of 16.6 hours. 
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Previous investigations (Thompson and Gellhom, 1945) have shovm that intra- 
muscular injection of hypertonic NaCl solution alters significantly the flexor 
reflex and the knee jerk in the anesthetized cat. The flexor reflex was diminished 
by contralateral injection of NaCl, and increased by ipsilateral injection. With 
respect to the knee jerk, in general the reverse result was found, but it was also 
observed that in some instances the knee jerk was inhibited by a contralateral 
injection of NaCl. Pupillary dilatation and vocalization resulting from intra- 
muscular injection of hypertonic solutions (Gellhom and Thompson, 1944) in 
andnal experiments as well as the observations of Lewis (1942) in man indicated 
that pain fibers were excited under these conditions. The present paper attempts 
to extend these observations by the study of the influence of muscle pain impulses 
on the contralateral extensor reflex of the decerebrate cat. This study was 
undertaken for several reasons: first, in order to determine whether the crossed 
extensor reflex reacts in response to pain impulses in a manner similar to that 
described earlier for the knee jerk; second, to evaluate the influence of the in- 
creased muscle tone which characterizes the decerebrate animal on the effects of 
pain impulses; third, to study the effect of pain impulses on reciprocal inner- 
vation. 

Method. The report is based on experiments performed on 12 cats which 
were decerebrated with Sherrington’s decerebrator under ether anesthesia. 
The quadriceps muscles of one or both legs were prepared and their tension 
recorded by means of isometric levers. Ipsilateral and contralateraP nerves 
(sciatic, saphenous, or peroneal) were isolated and their central ends were stimu- 
lated by means of the Harvard inductorium with 3 volts in the primary. 
Mechanical devices served to maintain the stimulation of the nerve for a given 
period at constant intervals. In some experiments rhythmical condenser dis- 
charges were used (stimulator of C. Goodwin). Small amounts of hypertonic 
NaCl solution were injected into various muscles. 

Results. L The effect of ipsilateral arid contralateral stimulation of muscle 
pain fibers on the contralateral extensor reflex in cats with low extensor tonus. It 
was found that ipsilateral intramuscular injection of 15 per cent NaCl (0.1 to 
0.5 cc.) invariably diminished the reflex contraction"* whereas the effect of con- 

1 Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 

2 Deceased January 31, 1945. 

* These terms are used with respect to the recorded muscle. 

^ Injection into various muscles of the same side had similar effects. 
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tralateral injection of NaCl on the extensor reflex was variable. In four out of 
ten experiments the reflex was greatly diminished, in five it was increased, and in 
one an initial decrease "was followed by a later increase. The results were similar 
to those described for the knee jerk by Thompson and Gellhorn. Here also it 
was found that ipsilateral NaCl injection regularly diminished the reflex response 
whereas contralateral injection either diminished or increased the knee jerk. 
The experiments differed quantitatively from those reported earlier inasmuch as 
in decerebrate preparation, apparently due to the absence of anesthesia, the 
stimulation of the pain fibers was more effective in degree and duration. 

Figure 1 illustrates the inhibitory effect exerted by ipsilateral stimulation of 
muscle pain fibers on the extensor reflex. In figure la the reflex response consists 
in an initial phase in which the greatest tension is reached almost immediately, 
followed by a second phase in which a moderate tension is maintained during the 
duration of the stimulus. There is only a slight after-discharge which is followed 
by spontaneous movements. The latter were initiated by previous injection of 
strychnine and followed the reflex response in regular intervals (x in fig. la). 
After the injection of 0.5 cc. 15 per cent NaCl into the ipsilateral hamstrings /^he 
initial response is reduced by |, the second phase of the reflex contraction is 
almost completely abolished, and the spontaneous strychnine contractions like- 
wise disappear. The effect is not reversible but a slight increase in the intensity 
of reflex stimulation restores the reflex to approximately its original intensity. 
Figure lb shows a similar experiment obtained on the same preparation some 
time later in which the effect of ipsilateral NaCl injection is reversible. Here 
again the reflex tension decreases markedly as a result of ipsilateral muscle pain 
impulses. 

Figure 2 shows an experiment in which under control conditions the extensor 
reflex is characterized by a slight rebound effect and a marked after-discharge. 
Under the influence of ipsilaterally injected NaCl the reflex contraction during 
the stimulation of the sciatic disappears almost completely at first (no. 5), is 
regained to a slight extent temporarily .at no. 6, and is replaced by a slight loss 
in tone in the following experiments (7-9). The effect is not reversible but on 
increasing the intensity of the stimulus (no. 16) a similar reflex, characterized 
not only by a reflex tension maintained during the period of stimulation but 
also by rebound and after-discharge, is obtained again. 

In those cases in which contralateral injection of NaCl had an inhibitory effect 
on the reflex response the effects were similar to those just described and are 
therefore not further illustrated but a mixed and an excitatory effect resulting 
from contralateral NaCl injection are illustrated in figure 3. A distinct and 
moderate decrease in the intensity of the reflex response occurs at first in figure 
3a. This, several minutes later, is followed by an increased extensor reflex. The 
reflex response begins in this experiment under control conditions with a con- 
siderable latent period and a gradual development of tension which reaches its 
peak at the end of the period of stimulation. There is a quick relaxation and no 
after-discharge. In the experiments 11 to 15 which follow the depressive phase 
of the NaCl effect there is immediately an excitatory phase at the onset of the 




Fig. la. Cat, $ ,1.8 kgm., three-tenths of a centimeter strychnine sulphate, 1 per cent 
prior to experiment. Effect of 0.5 15 per cent NaCl injected into the (right) hamstrings at 
the arrow (45 seconds before no. 7 is recorded) on the right quadriceps reflex. Stimulation 
of contralateral (left) sciatic for three seconds at intervals of two minutes. Harvard in- 
ductorium 3 V in the primary ; coil distance (c.d.) 13 cm. All records are from right to left. 

Fig. lb. Same preparation; 0.5 cc. 15 per cent NaCl injected into ipsilateral (right) 
hamstrings 45 seconds before no. 46 (arrow). Left sciatic stimulated at 11 cm. c.d. 

Fig. 2. Injection of 0.5 cc. 15 per cent NaCl 45 seconds before no. 5 (arrow) into ipsilateral 
(right) hamstrings. Right quadriceps muscle recorded. Left sciatic stimulated for three 
seconds at 2 minute intervals at c.d. 13 cm. No. 16 several minutes later, sciatic stimulated 
at c.d. 11 cm. 

Fig. 3a. Injection of 0.2 cc. 15 per cent NaCl before no. 7 (arrow) into contralateral 
(left) hamstrings. Right quadriceps muscle recorded. Left sciatic stimulated at 13 cm. 
and 80*; duration of stimulation 2i seconds. Interval IJ minutes. 

Fig. 3b. Same preparation; 0,5 cc. 15 per cent NaCl injected into contralateral (left) 
hamstrings before no. 48 (arrow); c.d. 13 cm. 60°. 

Fig. 4. Double quadriceps preparation of decerebrate cat. Upper record, right quadri- 
ceps; lower record, left quadriceps. Signal records indicate stimulation of right sciatic, 
13 cm., 80°; duration of stimulation seconds, intervals two minutes; 0.1 cc. 15 per cent 
NaCl is injected into right hamstrings 45 seconds before no. 48 (arrow). The black lines 
crossing the tension curves in figures 4 to 7 indicate simultaneity. 
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stimulus, a low tension is maintained during stimulation and at the end of the 
period of stimulation a very marked rebound occurs in which a much higher 
tension is reached than under the control conditions which preceded the injection 
of NaCl. 

An example of an excitatory effect of contralateral NaCl injection is shown 
in figure 3b. In this experiment the reflex response consists under control condi- 
tions of an initial reflex contraction which gradually subsides during the period 
of stimulation but is followed by a marked rebound and after-discharge. Con- 
tralateral NaCl injection increases the rebound in intensity and greatly pro- 
longs the after-discharge. The experiment is reversible as seen by the record 
obtained several minutes later (no. 53). On closer inspection of these experi- 
ments it Tvas found that excitatory effects resulting from the contralateral NaCl 
injection were associated with a slight increase in tone. Assuming that variation 
in tone might provide the clue for the variability of the extensor reflex in response 
to contralateral excitation of muscle pain fibers a series of experiments was per- 
formed on decerebrate cats which had a very high degree of rigidity. 

II. The effect of muscle pain impulses on the muscle tone in decerebrate rigidity 
and on excitatory and inhibitory reflex effects. Eight experiments were performed 
on cats with extreme rigidity in which the tension of both quadriceps muscles 
was recorded and one of the sciatics was stimulated.^ Under these conditions 
reciprocal innervation occurred, stimulation of the sciatic causing an increased 
reflex tension in the contralateral quadriceps but an inhibition of the ipsilateral 
extensor muscles. Muscle tone and reflex response were altered in a uniform 
manner as a result of afferent pain impulses. The tone of the quadriceps was 
increased on the contralateral side (with respect to the site of NaCl injection) 
but decreased on the ipsilateral side. Ais to the effect of afferent pain impulses 
induced by intramuscular injection of hypertonic NaCl solution on reflex excita- 
tion and inhibition the experiments may be divided into two groups. In the 
first group NaCl injection and sciatic stimulation were performed on the same 
extremity whereas in the second group the afferent muscle pain impulses origi- 
nated in the side contralateral to the sciatic which was stimulated. Figure 4 
illustrates the action of NaCl on the reflex in experiments belonging to the first 
group. Under the influence of NaCl the tone of the opposite quadriceps (left) 
increases greatly (lower half of fig. 4). Sciatic stimulation (right) results in 
greater reflex tension of the left quadriceps than imder control conditions. The 
reflex tension is increased by more than 400 grams® in the first reflex elicited 
after an NaCl injection. However, the effect is reversible and the reflex tension 
returns in subsequent tests to control values. Still greater are the changes ob- 
served in the upper half of figure 4 in which the tone of the right quadriceps is 
reflexly inhibited since it is recorded from the side ipsilateral to that of the stimu- 
lated sciatic. It is seen that NaCl causes not only a diminution in the tone of 

® Since the tension of both quadriceps muscles is recorded the terms ipsilateral and 
contralateral refer to the sciatic nerve which is stimulated. 

® The exact increase was not determined because the lever touched the signal magnet 
above it at this point. 
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the quadriceps but also diminishes the reflex inhibition of this tone under condi- 
tions of ipsilateraJ sciatic stimulation. The after-discharge following stimulation 
of the sciatic is likewise diminished. Both effects are reversible. 

Figure 5 may serve as a representative of the second group of experiments 
in which NaCI injection and sciatic stimulation were performed on opposite sides. 



Fig. 5 . Same preparation. Sciatic stimulation as above; 0.1 cc. 15 per cent NaCI in- 
jected into left hamstrings 45 seconds before no. 35 (arrow) . 

Fig. 6. Double quadriceps preparation, llight above; left below. Stimulation of right 
sciatic (c.d. 13 cm. 80°) for 2^ seconds; intervals two minutes. Injection of 0.2 cc, 15 per 
cent NaCI into the right hamstrings 45 seconds before no. 57 (arrow) . Reciprocal innerva- 
tion is temporarily abolished and changed into co-contraction. 

Fig. 7. Double quadriceps preparation. Stimulation of left sciatic; intervals as in 
figure 6; 0.1 cc. 15 per cent NaCI injected 45 seconds before no. 13 (arrow) into right ham- 
strings. Co-contraction temporarily changed under the influence of afferent pain impulses 
into reciprocal innervation. Several minutes later nos. 16 and 17 are recorded. In no. 17 
the muscle is brought under an increased initial tension. This caused a reflex reversal. 

The upper half of figure 5 shows the inhibitory effect of the stimulation of the 
right sciatic on the ipsilateral (right) quadriceps, whereas the lower half shows 
the excitatory effects on the contralateral (left) quadriceps. Following the injec- 
tion of 0.1 cc. 15per cent NaCI into the left hamstrings the tone of the right quadri- 
ceps (upper half of fig. 5) greatly increases and its response to ipsilateral stimu- 
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lation of the sciatic is quantitatively altered. Reflex inhibition is markedly 
increased and after-discharge and rebound, which were prominent prior to the in- 
jection of NaCl, are almost completely abolished. However, the effect is reversi- 
ble and the original response including after-discharge and rebound is gradually 
restored. 

The lower half of figure 5 illustrates the behavior of the contralateral extensor 
reflex under the influence of ipsilateral injection of NaCl. The tone decreases 
slightly and the reflex tension is greatly lowered. A diminution in the excitatory 
reflex effect is further illustrated by the fact that the after-discharge is likewise 
diminished. All effects are reversible and can be repeated several times in the 
same animal. 

Summarizing these results it may be stated that under the influence of very 
small quantities (0.1 cc.) of hypertonic NaCl solution, which sets up afferent 
pain impulses in muscle, both excitatory and‘ inhibitory processes are quantita- 
tively altered. This is shown in the study of the tone of the decerebrate animal 
as well as in the alteration of reflex responses. It is found that: 

1. Afferent pain impulses increase the tone of the quadriceps muscle contra- 
laterally and inhibit it ipsilaterally. 

2. The contralateral extensor reflex is increased when as a result of pain im- 
pulses the tone is increased. This augmentation of response pertains not only 
to reflex tension developed during stimulation but also to the excitatory processes 
which follow cessation of stimulation (rebound and after-discharge). However, 
if as a result of afferent pain impulses the tone of the muscles in decerebrate 
rigidity is decreased, the excitatory processes (reflex tension, rebound, and after- 
discharge) are likevdse diminished. 

3. Reflex inhibition due to ipsilateral stimulation of the sciatic is increased 
when the tone is increased and diminished when the tone is lessened as a result 
of centripetal pain impulses. 

III. Pain imptilses and reciprocal innervations. The experiments described 
in the preceding section gave evidence of a marked alteration in the reflex re- 
sponse as a result of pain impulses originating in muscle. It was found that, in 
general, the effect of these impulses consisted in a quantitative, but not in a 
qualitative alteration of excitatory and inhibitory processes. However, close 
inspection of some of the records reveals changes which are even more funda- 
mental. Thus, it is seen in figure 2 that as a result of pain impulses, excitation 
is reversed into inhibition, in numbers 7 to 9 during the stimulation of the sciatic. 
To be sure this inhibition is only very slight but this is thought to be due to the fact 
that the tone in this preparation is very low. This interpretation is supported 
by observations on reflex reversals in cats with marked decerebrate rigidity. 

Figure 6 illustrates an experiment with a double quadriceps preparation in 
’which prior to the elicitation of pain impulses stimulation of the sciatic results 
in a typical contralateral reflex extension and inhibition of the ipsilateral quadri- 
ceps. Injection of NaCl into a muscle ipsilateral to the sciatic which is stimu- 
lated, results in an increased tone of that quadriceps which reacts with reflex 
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excitation and a decrease in tone of the muscle which under control conditions 
shows inhibition on stimulation of the sciatic ner\"e. The former responds 
under the influence of pain impulses, as was described before, with a greater 
tension. The latter, however, instead of showing a lessened inhibition which was 
described as the typical result for such conditions, shows no inhibition but an 
increase in tension, i.e., an excitation as a result of sciatic stimulation (no. 57). 
At the next test (no. 58) the reflex reversal still persists but a distinct after-dis- 
charge develops similar to that observed prior to the injection of NaCl but lesser 
in magnitude. Finally the response returns to normal (no. 59) and it is inter- 
esting to note that the reappearance of the reflex inhibition is linked up with the 
restitution of muscle tone. 

This experiment shows that as a result of afferent pain impulses reflex inhibi- 
tion may be converted into reflex excitation. That the converse is also true 
is seen in figure 7 in which, under control conditions, only a partial reciprocal 
innervation seems to exist between the two quadriceps reflexes. No. 12 of 
figure 7 shows that on stimulation of the left sciatic the right quadriceps reacts 
vdth a typical pow’erful contralateral extensor reflex, but the left quadriceps in- 
stead of showing reflex inhibition contracts briefly at the onset of the stimulation 
and shows a slight rebound and after-discharge. The phase of increasing tension 
after the cessation of stimulation coincides vith the fall in tension of the right 
quadriceps muscle. After pain fibers have been excited through NaCl injection 
into the right hamstrings the tone in the right quadriceps falls and its reflex 
tension and after-discharge are diminished corresponding to the rules described 
above. The left quadriceps, however, shows an increase in tone and reacts 
on stimulation, no longer with an initial contraction but with a marked inhibition 
followed by a slight rebound and after-discharge. The experiment is reversible 
and at no. 16 the left quadriceps reacts as it did under control conditions. That 
the alteration in tone and probably the proprioceptwe reflexes set up under these 
conditions are an essential factor in determining the reflex response is suggested 
by the record of no. 17 (fig. 7) in which by increasing the initial tension in the 
left quadriceps in the absence of pain reflexes a reflex reversal is obtained. 

' Discussion. The present experiments confirm and extend earlier work in 
showing that afferent pain impulses originating in striated muscle profoundly 
alter excitatory and inhibitory reflex effects. The fact that in experiments on 
decerebrated animals anesthesia is dispensed with accounts for the great sensitiv- 
ity of these preparations to minute quantities of hypertonic NaCl solutions (0.1 
cc.) and for the prolonged effects of these pain impulses. 

Whereas, similar to experiments on the knee jerk reported earlier, the effect 
of contralateral NaCl injection on the crossed extensor reflex is variable in ani- 
mals with little extensor rigidity, consistent results are obtamed when cats with 
marked rigidity are used, and when the initial tension under which the extensor 
reflex is recorded is considerable. Under the latter conditions it is found that 
contralateraU pain impulses increase and ipsilateral pain impulses decrease the 


^ With respect to the recorded muscle. 
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extensor refiex. These observations suggest that pain impulses have a dual 
effect on the reflex centers involved in the crossed extensor reflex: 

1. An inhibitory action which is observed not only in all experiments involving 
ipsilateral NaCl injection, but also in about 50 per cent of the experiments 
in which NaCl is injected into the contralateral side provided that rigidity is 
slight. 

2. A strictly contralateral excitatory effect which, indicated by an increase in 
tone, follows injection of hypertonic NaCl solution. This excitatory effect is 
seen not only in the increased initial tone but in the increased reflex effects during 
stimulation and immediately afterwards (rebound and after-discharge). It is 
suggested that in preparations with great rigidity and high initial tension in which 
NaCl injections are accompanied by marked changes in tone, the extensor reflex 
center hetomes more responsive to excitatory stimuli because the maintenance 
of the extensor tone at a higher level furthers facilitation of the extensor reflex 
centers through proprioceptive reflexes. Likewise ipsilateral NaCl injection 
causing a diminution of the facilitatory effect of proprioceptive reflexes on the 
reflex centers by lessening the extensor tone thereby contributes to their dimin- 
ished response to sciatic stimulation. Just as voluntary innervation of the exten- 
sor muscles exerts a facilitatory influence on proprioceptive reflexes (Hoffmann, 
1922) so facilitation exists between proprioceptive and exteroceptive reflex im- 
pulses impinging upon the same reflex center. If the rigidity is small and, 
consequently, only very slight changes in tone result from injeetion of hypertonic 
NaCl, no additional proprioceptive reflexes are set up and the pain impulses 
affect the extensor centers by inhibition only. In line with this interpreta- 
tion is the fact that in those preparations with low extensor rigidity in which 
contralateral NaCl injection caused an increase in the extensor reflex a slight 
increase in tone was noticeable (cf. fig. 3b no. 48) but the muscle tension was 
unchanged when the contralateral NaCl injection caused a decrease in the reflex 
response. 

This discussion makes it understandable that ipsilateral NaCl injection dimin- 
ishes the muscle tone of the quadriceps and its reflex response to contralateral 
stimulation of the sciatic and that, conversely, contralateral NaCl injection in- 
creases muscle tone and contralateral extensor reflex. However, the changes of 
the inhibitoiy reflex response under the influence of afferent pain impulses have 
not yet been explained. It was shovm that the inhibition of the quadriceps tone 
on ipsilateral stimulation of the sciatic was related directly to the degree of tone 
present at the onset of the stimulation. If NaCl was injected into a muscle of 
the left leg it increased the tone of the right quadriceps and consequently the 
inhibitory effect of ipsilateral (right) sciatic stimulation was increased. On the 
other hand NaCl injection into a muscle of the right leg diminished the tone of 
the right quadriceps and a lesser inhibitory response resulted from ipsilateral 
(right) sciatic stimulation. It may appear to be paradoxical that the quadriceps 
in a state of increased tone responds to a standard reflex stimulus with an in- 
creased reflex inhibition since the central excitatory and inhibitory state under 
conditions of interaction are kno^vn to “suffer a mutual quantitative inactiva- 
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tion” (Creed, Denny-Brown, Eccles, Liddell and Sherrington, 1932). Therefore 
a stimulus producing a given degree of inhibition should become less effective 
when it is imposed upon nerve centers whose excitatory state is increased. How- 
ever, the experimental results show that the opposite is the case. 

In view of the fact that the inhibitory process in the antagonist reflects quanti- 
tatively the excitatory process of the agonist under conditions of reciprocal inner- 
vation (Sherrington, 1940) a consideration of the behavior of the agonist is 
important. The experiments on the contralateral extensor reflex reported 
above show that the reflex response is directly related to the tone induced by af- 
ferent pain impulses. This result was thought to be due to the facilitatory effect 
of proprioceptive impulses on the reflex excitation on the extensor centers set 
up by stimulation of the sciatic nerve: It appears highly probable that a similar 
relation would hold for flexor reflexes of the decerebrate cat and that tone and 
reflex response are likewise directly related in the case of the flexor reflexes. 
Rademaker and Hoogerwerf (1929) observed that reflex stimuli which influence 
the state of decerebrate rigidity act upon the tone of the flexor and extensor mus- 
cles in the same manner. Thus, turning the head to the right increases 
the muscle tone in flexors and extensors of the right side. Afferent impulses 
set up by hypertonic NaCl injection act in a similar maimer.® The action poten- 
tials of flexors and extensors are increased on the contralateral but decreased on 
the ipsilateral side. These experimental observations together with our discus- 
sion furnish adequate data to explain the alteration in the excitatory and inhibi- 
tory processes involved in the contralateral extensor reflex. Apparently the 
increased inhibition to ipsilateral stimulation of the sciatic w^hich is observed 
w^hen the extensor tone is increased on account of contralateral XaCl injection 
is just the reflection of the increased flexor reflex which occurs under these condi- 
tions. Likewise, if under the influence of ipsilateral NaCl injection the tone of 
the quadriceps is decreased and the reflex inhibition in response to ipsilateral 
sciatic stimulation is lessened, the alteration in the reflex inhibition is only the 
quantitative reflection of the change of the reflex response of the flexor muscle 
which must be diminished under these conditions. 

The experiments discussed thus far have shown that afferent pain impulses 
originating in striated muscle have a considerable quantitative effect on excita- 
tory and inhibitory reflex processes. However, certain qualitative changes in 
the general character of extensor reflexes have not yet been considered. As has 
been shown above, a reflex reversal may be the result of afferent pain impulses. 
Although under control conditions the quadriceps reacts to contralateral nerve 
stimulation wdth a contraction and to ipsilateral stimulation with an inhibition, 
this form of reciprocal innervation may be temporarily altered as a result of 
afferent pain impulses. It has been found that this result occurred particularly 
when the tone pn the “inhibitory side” was greatly lowered. Thus under control 
conditions in response to ipsilateral nen^e stimulation reflex inhibition occurred 
w’hen the initial tone was high, but reflex excitation appeared in the same muscle 
after it had lost most of its tone as a result of pain impulses. As the effect of 


® Unpublished observations. 
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the afferent pain impulses vanished the tone recovered and the inhibitory re- 
sponse -was restored. Apparently the alteration in tone is pre-eminently involved 
in determining the reflex response. This is borne out by the fact that in prepara- 
tions in which the muscle tone is low the two quadriceps frequently reacted with 
a co-contraetion to sciatic stimulation instead of showing reciprocal innervation. 
Moreover, attention has been called earlier to the observation that in prepara- 
tions in whi'ch in response to ipsilateral nerve stimulation a reflex excitation in- 
stead of reflex inhibition appears, the latter response may be established by re- 
cording the activity of the quadriceps muscle under a greater initial tension. 
Although details are ill understood at the present time proprioceptive impulses 
seem to play an important rdle not only in the quantitative changes in excitatory 
and inhibitory reflex responses set up by afferent pain impulses, but also in the 
qualitative reflex response which determines whether reciprocal innervation or 
co-contraction foUow ipsilateral nerve stimulation in the decerebrate animal. 

A final note should be added concerning the nature of the nerve fibers stimu- 
lated in these experiments. Obviously, the injection of a h 3 q)ertonic solution is 
apt to stimulate any nerve fibers present in striated muscle. If, in the present 
as well as in previous investigations of this series, the effect of NaCl injection was 
related to its action on pain fibers this intrepretation was based on the following 
data; 

1. It was found earlier (Thompson and Gellhom, 1945) that effects on spinal 
reflexes paralleled those on pupil and vocalization which accompany pain. 

2. Excitation of proprioceptive flbers is ordinarily restricted to the particular 
muscle whose spindles have been stimulated (Hoffmann) whereas in the present 
experiments stimulation of nerve fibers in the hamstrings by NaCl had the same 
effect on the quadriceps reflex as that of other muscles of the same leg. 

SUMMARY 

In cats with marked decerebrate rigidity it is found that hypertonic NaCl 
solution when injected into striated muscle sets up afferent pain impulses which 
greatly modify excitatory and inhibitory reflex processes. Afferent pain impulses 
increase the tone of the muscles of the opposite side and diminish it on the same 
tide. Under these conditions it is shown that the intensity of the contralateral 
extensor reflex response is directly related to the tone as determined by the 
afferent pain impulses. This statement likewise applies to other excitatory 
phenomena of the extensor reflex such as rebound and after-discharge which 
also increase with increasing muscle tone. It is furthermore found that the 
ipsilateral reflex inhibition is altered as a result of afferent muscle pain impulses. 
,The inhibitory response is again directly related to the tone of the muscle which 
is partly determined by afferent pain impulses. Since it is shown that under the 
influence of afferent pain impulses flexor and extensor tone ar§ modified in a 
timilar fashion it is assumed that the increased inhibition of the extensor muscle 
seen under conditions of increased tone is only a reflection of the increased 
flexor reflex which occurs under these conditions. The fact that in preparations 
with low rigidity inhibitory effects prevail even on the contralateral side as a re- 
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suit of afferent pain impulses makes it appear probable that the latter exert a 
double (excitatory and inhibitory) effect on spinal reflex centers.® 

It is demonstrated that afferent pain impulses may alter the excitatory and 
inhibitory reflex response not only quantitatively but also qualitatively; they 
may lead to a reversal in the reflex pattern. Reciprocal innervation may be 
converted temporarily into co-contraction as a result of pain impulses and co- 
contraction may temporarily be changed into reciprocal innervation. These 
changes seem to be dependent on the alteration in muscle tone set up by afferent 
pain impulses. 
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la a comprehensive review of oxygen poisoning, Stadie, Riggs and Haugaard 
emphasized that the basic chemical pathology of the syndrome is a function 
of the reversible or irreversible oxidation of cellular components some of which 
are related to enzymatic activity (1). It is obvious that the oxidation of pros- 
thetic groups like sulfhydryls would be influenced by the rate of metabohsm 
of the animal as a whole, or of specific tissues, and that the rate would be acceler- 
ated or depressed by differences in metabolism. Accelerated oxidation of the 
reduced compounds should be associated with a shortening of the time of onset 
of the seizure characteristic of oxygen poisoning, while depressed oxidation 
should be associated vnth a longer time of onset. This hypothesis has been 
tested in the investigation reported here of metabolic factors involved in oxygen 
poisoning, and has been found to be true. The data are presented under several 
headings, each of which includes a brief summary of the most pertinent details 
of the literature, technical details of procedure, results, and discussion of their 
possible significance. The subjects fall under the following classification: 
1. Effects of hypo- and hyperthyroidism. 2. Effect of environmental and body 
temperature. 3. Changes in body temperature during oxygen poisoning. 4. 
Relative susceptibility of young and adult cats. 5. Effect of drugs. 

Effects of hypo- and hyperthyroidism. The only studies on this subject are 
those reported by Campbell (2). He reported that thyroxin enhanced the 
effects of oxygen poisoning in rats while thyroidectomy and to a lesser extent, 
fiypophysectomy (3) protected the animals from the effects of similar exposure 
to oxygen. These conclusions were based on the survival time after exposure 
to high oxygen pressures. Since the convulsive seizure and gross neurologic 
effects of oxygen poisoning may be only partially displayed in rats, the conclusion 
had to be based on the survival time, a much more complex factor which might 
be influenced by pulmonary, renal or pancreatic defects as well as by neurologic 
defects. It was of some interest to separate these factors by observations on 
nine cats. The time of onset of the oxygen seizure of two cats (one thyroid- 
ectomized, the second treated with thyroid extract) was obtained after daily 
exposure of the animals to oxygen at 105 lb. per sq. in. (gauge). The animals 

^ This article has been released for publication by the Division of Publications of the 
Bureau of Medicine and Surgery of the U. S. Navy. The opinions and views set forth in 
this article are those of the writer and are not to be considered as reflecting the policies of 
the Navy Department. 

® The experiments reported here constitute one aspect of a determined effort by members 
of the Institute to add to our understanding of the problems involved with the purpose in 
mind of removing dangers to diving personnel and of increasing their efficiency. 
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were decompressed in one minute and removed to air, and notes made on the 
severity of the seizure. Basal metabolic measurements were also made. When 
the animals were kOled, any tissue from the neck suspected of containing thyroid 
tissues was sectioned serially. It is unfortunate that only one cat was success- 
fully thyroidectomized, several attempts to remove the glands in other animals 
having failed. Two other hjnperthyroid cats were tested under more favorable 
conditions, and the results are described in a later paragraph. 

The time of onset of the oxygen seizure was increased in the thyroidectomized 
cat (fig. 1). The cat frequently remained at levels which would have been 
lethal or severely damaging to normal cats. In addition, the convulsive seizures 
were almost invariably very mild and of short duration, the animal showing no 
neurological defects at the conclusion of the experiment. There was no weight 
loss during the experiment. The basal metabolic rate, measured by the open 



Fig. 1. Time of onset of convulsions of hypothyroid and hyperthyroid cats 

chamber method, ■was 213 cc. carbon dioxide output per kgm. per hour, as 
compared with 318 to 485 cc. for five normal cats run at the same time. Micro- 
scopic examination of the neck fascia revealed several parathyroid glands and a 
small amount of thyroid tissue consisting of small follicles mth low cuboidal 
epithelium inclosing little or no stainable colloid. 

The hyperthyroid cat (fed 0.5-1 .0 gram thyroid po'wder (U.S.P,) per day) was 
the first animal of a large series studied (4) w^hich showed a reduced tolerance, 
even if slight, to oxygen poisoning on repeated exposure (fig. 1). The lowest 
level was reached on the tenth day of thyroid feeding, which is what one would 
expect of a true thyroid action. The subsequent rise in time of onset is also to 
be expected as typical of the action of thyroid extract. The seizures were very 
prolonged (lasting frequently for ten minutes) and severe. Furthermore, the 
condition of the animal at. the close of the experiment was very poor. It was 
partially blind and showed other neurologic defects. The basal metabolic rate 
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ten days after the inception of thyroid treatment expressed as 685 cc. production 
of CO 2 per kgm. per hour, was about one and one-half times greater than the 
highest normal value. 

These observations on the effects of hyperthyroidism were confirmed on two 
additional cats. In table 1 the time of onset of the seizure is given for the 
animals before the administration of thyroid powder, after ten days’ treatment 
with dried thyroid, and 12 days after withdrawal of the drug, at a time when 
the metabolism would be expected to return to normal. Each animal was 
given an oxygen seizure on each of two or three successive days in each condition. 
To prevent excessive damage, cats were not exposed to oxygen under pressure 
for more than sixty minutes. 

It would seem that hypothyroidism may reduce the time of onset of *the 
convulsive seizure, the severity, and the cumulative neurologic damage caused 
by the effect of oxygen under pressure on the central nervous system, while on 
the other hand, hyperthyroidism increases sensitivity. 

Effect of environmental and body temperature. The effect of variations in the 
environmental temperature on oxygen poisoning was studied by Campbell (5). 

TABLE 1 


Effect of hyperthyroidism on the time of onset of the oxygen seizure 



PSESSURE 

LB. SQ. IN. 

TIME OP ONSET OP MOTOR SEIZURE IN MINUTES 

CAT NO. 

Normal control 

Hyperthyroid, after 
treatment with thyroid 

Presumably normal after 
withdrawal of thyroid 
powder 

3 

60 

60, >60, >60 

13, 16, 12 

>40, >50 

4 

60 

>60, >60, >60 

11, 13, 19 

>30, >60 


He found that when rats are subjected to six atmospheres of oxygen for 30 to 60 
minutes, the number which survive is far less when the environmental tempera- 
ture is at 33°C. than at 24°C. He believed that oxygen poisoning was much 
enhanced by preventing the fall in body temperature which he found to accom- 
pany the syndrome, by raising the environmental temperature to the higher 
value. There was some question about carrying over Campbell’s conclusions 
to the neurologic aspects of the syndrome in cats for the foUowing reasons: 1. 
The unit of measurement applies to the animal as a whole, without any necessary 
relationship to the neurologic effects. 2. Rats may not manifest regularly 
early altered activity of the central nervous system characteristic of man or 
the cat. 3. Changes of environmental temperature are not necessarily reflected 
in correspondingly large fluctuations in body temperature in furred animals. 
To learn whether the nervous system was influenced by temperature in the 
same way, experiments were repeated on cats, the time of onset of the convulsive 
seizure being taken as a measure of neurologic damage. 

In the first experiment, cats were exposed to oxygen at 105 lb. per sq. in. at 
room temperature (22°C.) The procedure was repeated on each of four succes- 
sive days, the environmental tank temperature being 4°C., 22°C., 30^0. and 
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41®C. The seizure time was noted in each case. Table 2 is a summary of 
the average seizure times. 

It is clear that changes in environmental temperature as large as 20^C. do 
not affect significantly the seizure time of cats subjected to high pressure 
atmospheres of oxygen. 

In the second experiment, cats were depilated and control seizure times were 
obtained before and after cooling or warming by immersion in water. Rectal 
temperatures preceding and foUovdng the seizure were noted, together with the 

TABLE 2 


Time of omei of seizure of cats exposed to oxygen under pressure at different environmental 

temperatures 



TEMPERATURES ®C. 

NUMBER OP CATS 

AVERAGE SEIZURE 

First control 

22 

9 

minutes 

13.3 


4 

10 

13.6 


30 

9 

14.7 


41 

10 

14.3 

Last control 

22 

10 

14.7 


TABLE 3 

Effects of changes in body (rectal) temperature on the time of onset of the oxygen convulsion 


CONTROL TIME • 

NORMAL RECTAL 
TEMPERAXUBE j 

RECTAL TEMPERATURE 
PRECEDING 02 EXPOSURE 

SEIZURE TIME 

minutes 

•F. 

•F. 

minutes 

52 

102.6 

92.6 

25 

42 

102.6 

92.0 

21 

19 

102.6 

92.6 

13 

26 

101.2 

93.8 

21 

>60 

101.2 

105.4 

29 

28 

103.2 

106.0 

22 

59 

103.8 

102.0* 

23 


* Rectal temperature after exposure to warm water. 


seizure time. The cats were subjected to aa atmosphere of oxygea at 60 lb./sq. 
in. (gauge), decompressed at the first signs of convulsive activity and removed 
to air. The results (table 3) show that either decrease or increase of body tem- 
perature results in an increased susceptibility of cats to neurologic damage as 
manifested by the onset of a motor seizure. 

It is difficult to compare Campbell’s experiments with those reported above, 
for the criteria of the toxicity of oxygen as well as the animals used were different. 
In addition, the central nervous system of the cat seems to be more sensitive 
to the effects of oxygen than that of the rat. In the e3q)eriments on cold, it 
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should be noted that all cats shivered constantly, and this must have been 
accompanied by a rise in metabolism. The decrease of the seizure time might 
be expected to follow the rise in metabolism. 

Changes in body temyeraiiire during oxygen 'poisoning, Paul Bert (6) was the 
first to call attention to the marked drop in body temperature which takes place 
in animals suffering from oxygen poisoning. This has since been confirmed by 
other workers. Bean, however, found no change occurred in rectal temperature 
(7). Hederer and Andr6 (8) found in rabbits that the body temperature rises 
slightly during the convulsion and then falls below normal. It seemed unlikely 
that lowering of the body temperature by as much as 10°C. could take place in 



10 30 50 70 90 110 130 150 170 

TIME IN MINUTES 


Fig. 2. Changes in rectal temperature of cats exposed to oxygen at a pressure of 105 lbs. 
per square inch. 0 — oxygen at atmospheric pressure; P = pressure applied; S — first 
seizure;!) = decompressed; R « respiration ceased; C — heart ceased beating; — = dura- 
tion of seizure. 

cats which had convulsions early after exposure to oxygen at high pressures. 
The experiment was therefore repeated. The cat was securely confined in a 
tray, a thermocouple inserted about four inches into the rectum, and the tempera- 
ture was recorded every minute in most experiments in air, in oxygen, under 
pressure at 105 or 75 Ib./sq. in. (gauge), during decompression, and after the 
animal was returned to air. Notes were made of the activity of the animal. 
The results (fig. 2) may be summarized as follows: 1. The administration of 
oxygen at atmospheric pressure was accompanied by a fall in body temperature. 
This may have been due to lessened struggling. 2. On the application of pressure 
the body temperature levelled off in three cases and continued to fall in a fourth. 
3. The seizure was accompanied by a slight rise in rectal temperature in all 
cases. This might be maintained up to the end of motor activity and through 
the decompression phase to the death of the animal. 4. Visible motor activity, 
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no matter how slight was almost always accompanied by an appreciable rise in 
rectal temperature. 5. The changes in rectal temperature were never great, 
and did not exceed a maximum of two degrees centigrade. It is difficult to 
explain the enormous fall in body temperature described by Bert and others, 
except on the basis of a moribund or nearly moribund state. 

These results were confirmed by a second group of experiments in which 
cats Tvere also depilated. The pressures used were low'er (75 or 60 Ib./sq. in.) 
in order to prolong the pre-convulsive phase to accentuate possible changes in 
body temperature. Rectal temperatures were recorded before the animal was 
subjected to oxygen under pressure and after it had recovered from the seizure. 
The cats were decompressed to atmospheric pressure during one minute after 
the inception of the seizure, and the seizure was completed in air at atmospheric 
pressure. Ten convulsions were accompanied by a rise in body (rectal) tempera- 
ture and an equal number resulted in a fall, while, in one instance, no change 
took place. The mean rise in rectal temperature was +0.80°C., the mean fall 
-"0.88°C. (table 4). 

TABLE 4 


The effect of oxygen seizure on rectal temperature 


CAT NO. 

6 

7 

8 ’ 

9 

10 

Normal rectal temp. 

+1.0 

-0.9 

+0.6 

-0.6 

+1.2 

minus temp, after 

-{-0.5 

-1.0 

+0.6 

+1.2 

+0.4 

seizures 

0 

-1.5 

+0.6 

-0.3 

+1.6 



-1.4 


-0.3 

“2.5 





-0.1 



Relative msce'ptibility of young and adult cats. Smith and his co-workers 
(9, 10) showed that young rats have a greater survival rate, and show less 
pulmonary injury than older rats after exposure to less than one atmosphere of 
oxygen. The same relative insensitivity to the effects of oxygen under high 
pressure apparently exists also in kittens, at least so far as neurologic damage 
is concerned, as the following experiment indicates. Five kittens were exposed 
daily to oxygen at a pressure of 105 Ib./sq. in. (gauge) until the first signs of 
convulsions appeared. They were then decompressed, and returned to the 
mother. Exposure to oxygen was begun one to seven days after birth. The 
record of the time of onset of the seizures given in figure 3 shows that as compared 
vdth the normal, there are several striking differences: 1. The time before the 
seizure is greater. 2. It decreases as the number of exposures progresses, as 
compared with the invariable increase in otherwise normal adults. 3. Only 
after nearly a month does the seizure time approach what it might have been 
in an adult cat exposed to oxygen in a similar manner. The exposed kittens 
gained less in weight than control litter mates, were less playful, and were still 
nursing the mother at the end of the experiment, although the control kittens 
were weaned. In addition to being retarded, the exposed kittens were ataxic 
at the end of the experiment. 
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The greater resistance of young kittens to oxygen poisoning applies thus not 
only to pulmonary structures but also to the central nervous system. It may 
he that the relative insensitivity of the central nervous system to oxygen under 
high pressures resembles the resistance to the effects of arrest of the cerebral 
circulation in very young animals, and to other forms of anoxia (11, 12). It 
has been suggested that survival of relatively long periods of anoxia by the 
brain of newborns is due to the ability of the neurons to obtain energy anaerobi- 
cally, and that this function is gradually reduced during groviih. The same 
argument may be applied to explain the greater resistance of immature kittens 
to the effects of oxygen poisoning. It is possible that essential reducing sub- 
stances present in nerve tissue are oxidized in immature as in mature cortices, 
but that an accessory energy-producing system is present in the immature 
tissues which can continue to function imtil it, too, is interfered with. Proof 



SUCCESSIVE DAYS OF EXPOSURE OF KITTEN 
BECIMMIMG AT AGE OF 1 DAY 


Fig. 3. Time of onset of convulsion of kitten beginning at age of one day 

that several successive (respiratory) enzyme systems appear during development 
of the central nervous system has been supplied by Flexner et al. (13). 

Effect of drugs. Two types of drug action affecting metabolism may be 
noted; 1. Depression or stimulation of the metabolism of the central nervous 
system. Depressive agents (amytal and pentobarbital sodium in doses as low 
as 5 mgm. per kgm., urethane, chloral hydrate and paraldehyde) all delayed or 
prevented the onset of the convulsive seizure induced by oxygen under pressure. 
Stimiilating agents (metrazol and, to a lesser degree, acetylcholine) hastened 
the time of onset of the convulsion. 2. Depression of the metabolism of the 
animal as a whole. Thiourea given prophylactically in large doses over a period 
of weeks was without effect on the time of onset. Examination of the thyroid 
gland did not show the cellular reaction which occurs when thiourea reduces 
metabolism in the rat, and it is doubtful that there was in the cat an actual 
reduction in metabolism. Another metabolic depressant acting through the 
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thyroid is 2-thiouracil, which was administered in the same way. It may have 
had a slight effect in delaying the onset of the convulsion. Microscopic examina- 
tion of the thyroid glands of these animals does not indicate that this drug has 
any marked thyro-inhibitor activity. 

SUMMARY AND CONCLUSIONS 

1. Hypothyroidism lengthens the time of onset of the convulsive seizure and 
decreases the cumulative neurologic damage. On the other hand hyperthy- 
roidism increases the sensitivity of the animal. 

2. Increase or decrease of the environmental temperature by about 20°C. has 
no effect on the motor seizure. Either increase or decrease of the body (rectal) 
temperature reduces the time of onset of the seizure. 

3. Kittens are less sensitive to oxygen poisoning than adult cats. 

4. The rectal temperature is raised slightly during the motor seizure. The 
body temperature falls only as the animal becomes moribund. 

5. Drugs which depress the metabolism of cortical activity delay the onset 
of the convulsion. A convulsant drug (metrazol) accelerates it. 

6. The results point to a profound effect of changes in metabolism on the 
convulsive seizure of oxygen poisoning. 
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The results of most investigations indicate that it is possible by means of elec- 
trical stimulation to retard the atrophy which occurs in skeletal muscle following 
denervation. The retardation of atrophy is quite consistent and appreciable if 
the treatments are carried out under conditions which are favorable for the devel- 
opment of maximum tension by the muscle fibers. The preservation of any 
appreciable mass of contractile tissues by this means would appear a priori to 
offer advantages to the muscle regeneration which follows reinnervation. The 
advantages might result from a lessening of fibrosis, a condition which is consid- 
ered to be an impediment to reinnervation, and from the existence of a larger and 
stronger muscle fiber at the onset of functional reinnervation. The object of 
this investigation was to determine the over-all effects upon neuromuscular 
regeneration of a regimen of electrical stimulation which had been proven to be 
effective in delajdng denervation atrophy and to determine the time after dener- 
vation during which electrical treatments are most effective. The experiments 
were carried out on the gastrocnemius muscles and tibial nerves of adult albino 
rats. The selection of the rat as an experimental animal was made because con- 
siderable information concerning atrophy and regeneration was already available 
for this species (1) and because it was necessary to employ a large number of 
animals to permit statistical analysis of the results. 

Expekimextal. a number of control experiments were carried out to permit 
a better evaluation of the data concerning the effects of electrical stimulation 
upon neuromuscular regeneration. In 35 unoperated normal animals, compari- 
sons were made of the weight and strength of the right and left gastrocnemii and 
the capacity of the tibial nerves to elicit tension in their respective muscles. 
Analyses of the data from these experiments indicate what degree of variability 
is to be expected in the measurements of muscle weight and strength in the two 
limbs. An investigation was made conceming the effects of section of one sciatic 
nerve upon the weight and strength of the contralateral gastrocnemius and the 
capacity of its tibial nerve to elicit tension in the muscle. This was deemed nec- 
essary in view of the question raised by Weiss (2) as to the validity of using data 
from the muscle and nerve of the unoperated limb as controls for the correspond- 
ing tissues of a denervated limb. For this purpose 88 rats, at approximately 90 
days of age, were divided equally by lot into two groups. In the experimental 
group a section of one sciatic nerve was removed. The strength and weight of 
the contralateral gastrocnemius and the response of the muscle to tibial nerve 
stimulation in the members of the operated group were compared with those in 

^ Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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the unoperated control group at the end of either two or six weeks. Inasmuch as 
atrophy and regeneration are concomitant states for a time during the course of 
neuromuscular regeneration, it was advisable to determine the effects of daily 
electrical stimulation upon nomial innervated muscle fibers. 

Experiments to determine the effects of electrical stimulation upon muscular 
atrophy and neuromuscular regeneration were carried out on a total of 120 ani- 
mals. The general plan was to denervate the gastrocnemius muscles of both 
limbs by cmshing their tibial nerves- One limb was subjected to daily treat- 
ments with electrical stimuli and the non-stimulated contralateral limb was 
employed as a control. At designated times after denervation, determinations 
were made as to the weight and strength of the treated and untreated muscles 
and the capacity of the regenerating nerves to activate their muscles. The 
techniques which were employed for nerve crushing, stimulation and strength 
measurements have been described elsewhere (1). The experimental muscles 
were given daily treatments with strong faradic shocks for a period of 22 seconds. 
The type of treatment employed "was that previously found to be effective for the 
retardation of atrophy in the totally denervated gastrocnemius of the rat (3). 
Such treatments caused no significant increase in the tension of the contralateral 
control gastrocnemius muscle. Observations were made as to the time after 
denervation at which the earliest signs of motor reinnervations appeared in the 
treated muscles and their untreated contralateral controls. This was done by 
the application of voUeys of slightly supermaximal condenser discharge stimuli 
to the regenerating nerve and observing with the aid of sensitive isotonic levers 
the presence or absence of muscle contractions. Determinations of the strength 
and weight of the treated and untreated muscles were made at either 7, 12, 14, 
21, 24, 28 or 35 days after denervation. On some animals the electrical treat- 
ments were instituted the day following denervation and given daily until the 
termination of the experiment. In other experiments the treatments were dis- 
continued some days prior to the time of the strength and weight determinations. 
The experimental procedures employed made it possible to evaluate separately 
the effects of electrical stimulation upon the rate of denervation atrophy, the time 
required for the earliest signs of functional reinnervation to appear and the rate 
and extent of muscle regeneration subsequent to reinnervation. It was also 
possible to determine the extent to which the differences between treated and un- 
treated muscles are equalized in the later phases of regeneration. These experi- 
ments permit an evaluation of the end results of a regimen of daily electrical 
stimulation initiated immediately following denervation and continued until a 
considerable degree of regeneration had occurred. 

Results. The data (table 1) show that no significant differences for weight 
and strength were found between left and right gastrocnemii of normal non- 
operated animals. It was observed (table 2) that the section of one sciatic nerve 
had no effect upon either the Aveight and strength of the contralateral gastrocne- 
mius muscle or the capacity of the contralateral tibial nerve to activate its muscle. 
These findings indicate that, if unilateral ner\^e section caused morphologic 
changes in contralateral intact nerves comparable to those described by Tamaki 



280 HAREY HINES, ELEANOR MELVILLE AND WILLIAM WEHRMACHER 


(4) and Greenman (5), they were unaccompanied by changes in the weight and 
strength of the gastrocnemius muscle or the capacity of the nerve to elicit tension 
in its muscle. Such evidence supports the validity of employing contralateral 
controls in unilateral denervation studies. 

TABLE 1 


Average values together with standard errors for right and left gastrocnemii of normal 
unoperated rats and for the effects of daily electrical stimulation upon normal 

muscle 


EXPERIMENTAL 

CONDITION 

NO. OF 
ANI- 
MALS 

TIME 

OP 

TREAT- 

MENT 

MUSCLE WEIGHT 

ISOMETRIC TENSION PER 

TENSION 

(NERVE*) 

Muscle 

Gm. muscle 

TENSION 

(muscle*) 



days 

gms. 

gms. 

gms. 


Left 

35 

0 

1.243 ±0.049 

■ 2050 ±80 

1648 ±71 

90.1 

Bight 

35 

0 

1.240 ±0.047 

2049 ±80 

1658 ±78 

89.8 

Stimulated . . . . 

15 

14 1 

1.468 ±0.070 

2192 ±106 



Non-stimu- 







lated i 

15 

14 1 

1.463 ±0.063 

2373 ±108 



Stimulated . . . . 

10 

28 

0.939 ±0.032 

1563 ±69 



Non-stimu- 







lated 

10 

28 

0.912 ±0,034 

1529 ±56 




♦Stimulated via. 


TABLE 2 


Effects of nerve section upon muscle and nerve of unoperated contralateral limb 


NO. OP 
ANIMALS 

DAYS after operation 

MUSCLE WEIGHT . 

BODY WEIGHT 

GMS. MUSCLE TENSION 

GMS. BODY WEIGHT 

TENSION 

(NEEVE*) 

TENSION 

(muscle*) 

25 

controls 

0.663 

10.58 

88.9 

23 

14 

0.666 

10.70 

89.3 

19 

controls 

0.643 

10.83 

90.4 

20 i 

38 

0.655 

11.29 

91.5 

1 

44 

all controls 

0.654 

10.69 

89.5 

SEM 


±0.006 

±0.17 

±1.2 

43 

all exper. 

0.661 

10.97 

90.4 

SEM 


±0.007 

±0.21 

±1.1 


* Stimulation via. 


The earliest signs of functional motor reinnervation in the gastrocnemius 
muscle following a lesion made by crushing the tibial nerve at the junction vnth 
the peroneal nerve occur 12 to 15 days after operation in the adult albino rat. 
Soon thereafter atrophy is arrested and regeneration takes place at a uniform 
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and predictable rate (1). In our experiments no consistent differences were ob- 
served between the stimulated and non-stimulated limbs as to the time required 
for the onset of functional reinnervation. This finding indicates that electrical 
stimulation neither hastens nor retards the progress of axone outgrowth and its 
establishment of* functional contacts with denervated muscle. 

In the animals studied at 7, 12 or 14 days following denervation, the stimu- 
lated muscles were found to be consistently heavier and stronger than their un- 
treated contralateral controls (fig. 1). The muscles can be considered as being 
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Fig. 1, A graph showing average values for the effects of daily electrical slamulation upon 
neuromuscular regeneration. The black bars represent average values on non-stimulated 
devervated contralateral control muscles expressed as 100 per cent. The time in days 
designates the duration of treatments and time after denervation at which measurements 
were made. 


essentially without innervation during these periods of time. Thus electrical 
stimulation by retarding muscle atrophy enables the r^enerating axon^ to make 
functional contacts with larger and stronger muscle fibers. Such treated muscles 
have, been found to have higher creatine and glycogen concentrations than 
untreated denervated control muscles but possess comparable water concentra- 
tions. The greater strength of the stimulated muscles is attributed to their laiger 
mass. Treatments with electrical stimuli failed to prevent the loss of strength 
per unit mass of muscle which occurs following denervation. This finding is in 
agreement with the observations of Fischer (6) and Eccles (7) that electrical 
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stimulation fails to arrest the gradual loss of contractile strength in denervated 
muscle. 

The experiments on animals which had received daily treatments with elec- 
trical stimuli for 21, 24 or 35 days after denervation show that the differences 
between treated and untreated muscles Trere gradually equalized in the days 
following reinnervation (fig. 1). The equalization of weight and strength differ- 
ences appeared to be a gradual process. At 35 days after denervation there was 
no difference between the strength of the treated and untreated muscles and only 
a small difference between the muscle weights. The experiments in which the 
electrical treatments w^ere delayed until after the onset of initial reinnervation 
showed comparatively little beneficial effects from electrical stimulation. 

The data (table 1) show^ that the daily treatment of normal muscles with the 
same stimulus modality w^hich was employed in the experiments on denervated 
and regenerating muscles caused no appreciable change in the strength and weight 
of innervated muscles. The absence of any effects of electrical stimulation upon 
the mass and strength of innervated muscle indicates that the equalization of 
differences which w^ere noted to occur after the onset of reinnervation cannot be 
attributed to injury of nerve and muscle from the continued treatments. 

It w^as possible by means of adequate electrical stimulation to retard the rate 
of atrophy but not to prevent the gradual loss of contractile strength in dener- 
vated muscle. This means that the muscle fibers were larger and, because of this, 
stronger at the time of initial reinnervation than they would have been without 
electrical stimulation. This initial advantage w^as gradually lost despite a con- 
tinuation of the treatments during the later stages of regeneration. After a time 
little or no difference was found to exist between treated and untreated muscles. 
It can be calculated that following reinnervation the untreated muscles actually 
recovered mass and strength at a faster rate than contralateral treated muscles. 
Our experiments indicate that any beneficial effects from electrical stimulation 
result from changes which take place prior to and not subsequent to reinnerva- 
tion, This suggests the futility of continuing the electrical treatments after the 
onset of functional reinnervation. How'ever, we noted no deleterious effects of 
the regimen of treatment upon any phase of neuromuscular regeneration. The 
rate of growth in regenerating axones and their success in establishing functional 
contacts with muscle fibers were unaffected by the electrical treatments. Only 
speculation can be advanced as to whether the over-all effects of electrical therapy 
would be more beneficial in cases where longer times must necessarily elapse 
between denervation and reinnervation and where greater degrees of fibrosis are 
encountered. Such findings might be anticipated from the studies of Gutmann 
and Guttmann (8) concerning the effect of galvanic stimulation on denervated 
muscle in which greater differences were found between treated and untreated 
muscles in cases of late reinnervation. It is apparent that the valuation of the 
therapeutic effects of electrical treatments in peripheral nerve injuries will be 
prejudiced by the time after denervation at which critical measurements are 
made. 
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SUMMARY 

A study has been made of the effects of daily faradic stimulation upon neuro- 
muscular regeneration in the adult albino rat. The experiments were carried out 
upon the gastrocnemius muscles at various times after crushing the tibial nerves 
and included measurements of muscle mass and strength and the capacity of the 
regenerating nerve to activate its muscle. 

Daily treatments with electrical stimuli greatly retarded the loss of weight and 
strength in muscles prior to their reinnervation. The treatments employed ap- 
peared to have no effect upon the time of onset of functional reinnervation and 
upon normal innervated muscle. The electrical stimulation and the stretching 
and fatigue resulting therefrom appeared to be without injurious effects upon any 
phase of neuromuscular regeneration. Howwer, when the treatments were con- 
tinued for some time after reinnervation the differences between the treated nerves 
and muscles and their untreated contralateral controls were found to be gradually 
equalized. Thus an evaluation of the effects of electrical treatment will be preju- 
diced by the time after denervation at which critical measurements are made. 
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Our puipose in reporting the experiments recorded in this paper is to show 
that the life cycle of the white blood cell is not greater than 16 hours in irradiated 
leukopenic cats. This short life span is probably true within limits for normal 
cats, also. This is what might naturally be expected in view of the large amount 
of myeloid and lymphoid tissue in the body, ance it would not seem likely that 
such large potential manufacturing centers would be present unless they were 
being put to active use. 

The life of the white blood cells has been estimated by various investigators 
with widely varying results. Weiskotten (20), on the basis of results in animals 
treated with benzol, estimated that three or four days represented the life span 
of the polymorphonuclear neutrophile. Bunting (3) felt that little could be said 
with certainty with r^ard to the life of the lymphocyte. Minot and Isaacs 
(16) found that transfused leukemic lymphocytes disappeared ivithin two and 
one-half hours in a human recipient. Tissue culture experiments have demon- 
strated clearly that white blood cells can be kept alive much loiter periods of 
time. For example. Jolly (8) found that frog’s leukocytes could be kept alive 
over a year. Forti (6) reported motile dog’s leukocytes in tissue culture on the 
seventeenth day, and Margaret R. Lewis (16) demonstrated viable human leuko- 
cytes in ti^e culture after twenty to twenty-eight days. Ponder (18) came to 
the conclusion, from study of the nuclear configuration changes in polymorpho- 
nuclear neutrophiles of rabbits after injection of th3Toid extract, that these 
cells remained in the circulation of the rabbit for two to three weeks. Ponder, 
Saslow and Sdrweizer (19) obtained similar results. Garrey and Bryan (7) 
called attention to the fact that the blood of new bom babies does not contain 
neutrophiles with polylobulation for nine to fourteen days. 

In view of these divergent results we have attempted to arrive at some con- 
clusions as to the time that white blood cells actually remain in the circulating 
blood. 

Method. Hormal adult cats were given 1265 to 1965 roentgen juoits (with 
the viscera protected by lead shields) to each of the followii^ r^ons: 1, to 
head, forelegs and cervical vertebrae; 2, to tail, hindlegs and pelvic girdle; and 
3, to upper sacral vertebrae and lumbar vertebrae. Marked leukopenia resulted 
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in these animals in three to five days. Leukopenia was produced, also, in one 
animal by means of infection with the virus of infectious feline agranulocytosis 
( 10 , 11 ). 

When the leukopenia was pronounced, cross circulation with a normal cat 
was established by means of an end to end anastomosis of carotid artery to 
carotid artery. Frequent white blood cell and differential counts were made on 
blood obtained by needle puncture of the ears of these animals. After a short 
period of time (1 to 2 hr.), comparable figures were obtained from each animal 
of the combination. At varjdng times after good mixing of the blood of the two 
connected animals, the anastomosis was discontinued and the animals were re- 
turned to their own circulation. Following this the white blood cell picture of 
the formerly leukopenic animal was followed closely until the number of white 
blood cells per cu. mm. had returned to the same low level which was present prior 
to the establishment of cross circulation. The blood picture in the normal 
animal was followed in the same way during this interval. All determinations of 
the white blood cells were made vith Bureau of Standards pipettes and hemo- 
cytometers. 

Eight experiments were done using cross circulation between irradiated and 
normal cats and one additional experiment was performed in which a cat with 
leukopenia due to infectious feline agranulocytosis was used in place of an irradi- 
ated animal. 

In one of the experiments in which irradiated cats were used, cross circulation 
was performed with three normal cats in succession. In this experiment the 
irradiated animal was connected by carotid artery anastomosis vith the first 
normal cat for four hours. Immediately after this, cross circulation was estab- 
lished with a second normal cat and maintained for eight hours. Finally, cross 
circulation was established with a third normal cat and maintained for another 
ten hour period. Thus, cross circulation was maintained in this irradiated leuko- 
penic animal for a total of twenty-two hours. The duration of cross circulation 
in the other animals varied from two to tw’enty-one hours, the average being 
7.4 hours. 

In order to establish the effect of cross circulation on the white blood cell 
picture of normal animals, six experiments were performed in which a normal 
cat was connected by means of carotid artery anastomosis with another normal 
cat. Frequent white blood cell counts and differential counts were made on these 
animals during the period of cross circulation. One other experiment was per- 
formed in which a cat with neutrophilic leukocytosis and a normal cat were used 
in combination. 

Results. Cross circulation between normal animals produced a neutrophilic 
leukocytosis with a distinct shift to the left in both animals. Reference to table 
1 shows that the average white blood cell count of eleven of the twolve normal 
cats used in these six experiments was 16982 per cu. mm. prior to cross circula- 
tion. This figure rose to 29336 per cu. mm. at the end of the period of cross 
circulation. Thus, there was an average increase of 72.7 per cent for the total 
white blood cells during the time of cross circulation. This increase was due 
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mainly to neutrophilic cells as there was a corresponding increase of 132.3 per 
cent in the stabs and segmented neutrophiles during this period, whereas the 
lymphocytes and eosinophils showed an average diminution of 50.3 per cent 
and 71.1 per cent respectively. Even at the beginning of cross circulation, 
changes of the same nature were present, although they were not so marked. 
Thus, the total number of white blood cells was increased 11.1 per cent and the 
number of neutrophiles and stabs was elevated 26.9 per cent, whereas the lympho- 
cytes were diminished 22.1 per cent and the eosinophiles 12.7 per cent at this 
time. There were no significant changes in the monocytes, few of which were 
present at my time. 


TABLE 1 


Synopsis of important data in cross circulation experiments {control group) 


CAT NUMBER 

TIME OF *X 
IN HOURS 

W.B.C. PER C.Mil. 

STABS AND SEGMENTED 
NEUTROPHILES PER C.MM. 

LYMPHOCYTES PER 
C.MM. 

EOSINOPHILES PER 
C.MM. 

Prior 

toX 

Start 

ofX 

End of 
X 

Prior 

toX 

Start 
of X 

End of 
X 

Prior 

toX 

Start 
of X 

End 
of X 

Prior 
to X 

Start 
of X 

End 
of X 

3 

12 

33100 

26100 

38400 

20191 

21663 

34560 

9268 

2088 

2304 

2648 

1827 

0 

4 

12 

27700 

26200 

40300 

24366 

21746 

39191 

2216 

2620 

403 

831 

786 

403 

9 

4i 

15900 

12600 

24600 

12561 

10458 

21894 

2385 

1260 

1722 

318 

882 

0 

10 

4i 

9200 

16900 

30100 

5704 

13773 

25284 

3036 

2619 

3612 

460 

507 

301 

13 

7 

7900 

13700 

24700 

3318 

10001 

22724 

3713 

2877 

1482 

869 

822 

0 

14 

7 

9500 

25500 

29600 

6035 

17850 

27824 

3800 

6375 

1184 

665 

1020 

296 

5 

2 

23500 

19100 

27200 

17155 

12988 

22848 

4935 

5348 

4352 

940 

' 764 

0 

6 

2 

16700; 

17400 

24000 

12859 

14268 

20640 

2839 

2610 

3360 

668 

522 

0 

2 


no coui 

nts done 









1 


15 

41 

7600 

13100 i 

25600 

4332 

8515 

22272 

2888 

3799 

2816 

I 

380 

786 

256 

11 


21200 

20200 

28800 

8056 

1 15554 

27072 

11236 

3636 

1162 

1908 

1010 

576 

12 


14500 

1 

16800 

29400 

; 11455 

11928 

26166 

2320 

4704 

1764 

725 

168 

1176 

Totfil 

186800 

207600 

322700 

125032 

158744 

290475 

48636 

37936 

24151 

10412 

9094 

3008 

Av. per cat 


16982 

18873 

29336 

11366 

14431 

26409 

4421 

3449 

2196 

947 

827 

273 

Av. % of change.. 






^se.Q 

•^ISS.S 


-SB.l 

-S0.4 


-12.7 

-71J 


* Cross circulation. 


The principal results obtained in the leukopenic animals are shown in tables 2 
aad 3. Blood -was obtained from the ear of each animal just above the anasto- 
mosis. HencCj the blood obtained from any one animal of a pair during cross 
circulation was predonnnantly that of the other member of the pair. Reference 
to table 2 shows that in all instances prior to good mivingr the lower counts were 
found in the blood of the ears of the normal animals, as would be expected under 
these conditions. There was a prompt diminution in the total number of white 
blood cells in the peripheral blood immediately after cross circulation was begun. 
Wie average number of white blood cells per cu.mm, for the sixteen used 

in eight experiments prior to cross circulation was 9628 as compared with 5147 
at the time the firsf determinations were made after the anastomoses were 
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TABLE 2 

Synopsis of important data in cross circulation experiments (experimental group) 


CAT 

JTOMBES 

TYPE OF ANIJt.41. 

TIME OF 
IN 
HOURS 

INDEPEND- 
ENT CIRCU- 
LATION IN 
HOURS 

WHITE BLOOD CELLS PER C.MM. 

W.B C. LOST 
PER C.MM. 
PER HOUR 

Prior to X 

1 Start 
of X 

End of X 

First 
after X 

End of ex- 
periment 

7 

Irradiated 

21 

8 

300 

9100 

6650 

3800 

250 

538 

16 

Normal 

21 

9 

15500 

9200 

2650 

4400 

6000 


1 

Irradiated 


21 

250 

15600 

15300 

11800 

100 

618 

18 

N ormal 

2^ 

21 

24000 

3200 

12300 

21400 

47300 


19 

Irradiated 

3 

7-2- 

350 

2400 

4700 

5800 

50 

973 

20 

Normal 

3 

71 

13000 

550 

3950 

9300 

23500 


23 

Irradiated 

4 

6 

600 

3700 

6300 

4050 

800 

591 

24 

Normal 

4 

6 

14000 : 

900 

5500 

7500 

14100 


25 

Irradiated i 

2 

9 

250 

8500 

9400 

10000 i 

100 

1213 

26 

Normal 

2 

9 

19500 ; 

1200 

9500 

14400 

19800 


28 

Irradiated 

6 

8 

50 

6800 

7800 

6400 

550 i 

780 

27 

Normal 

6 1 

8 

29700 1 

2300 

7800 i 

18700 

11100 i 


29 

Irradiated 

16 

2i 

350 ! 

4700 

2400 

1100 

250 1 

378 

30 

N ormal 

16 


13800 

2100 

1400 

2800 

20800 


17 

fAg. 

5 

7 

2900 

9000 

7100 

9800 

1600 

1364 

8 

Normal 

5 

7 

19500 i 

3100 

9000 

9900 

12100 i 


Total 

154050 i 

82350 

111750 

141150 

158400 1 


Av. per cat 

9628 

5147 

6984. 

8821 

9900 


Av.% of change 


-4d.5 

-27 J 




Total of 8 normals 

149000 



88400 

154700 ; 


Av. per normal cat . . 






11050 

19337 


Av. % of change (normal cats) . 





+75 


31 

Irradiated 

22 

9 

1600 1 



12800 

1000 

1475 

21 

Normal 

4 


14300 ' 




15300 


32 

Normal 

8 


15600 




18000 


22 

Normal 

10 


14000 




23800 


Av. per W.B.C. c.mm. per hour , ... 






881 


* Cross circulation. 

t This cat had infectious feline agranulocytosis. 


established. Thus, there was a percentage drop of 46.5. This reduction in the 
total number of the white blood cells became less as cross circulation was con- 
tinued but was still 27.5 per cent shortly before the animals were disconnected. 
There was no close correlation between the degree of drop in the white blood 
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cells and the duration of the cross circulation (except during the first hour of cross 
circulation when low values were constantly found), although two of the lowest 
figures— 9300 and 3800— were obtained in the animals in whom cross circulation 
was continued for twenty-one and sixteen hours However, the total count for 
the two animals subjected to cross circulation for three hours was only 8650 

TABLES 


Values for various types of white blood cells at different periods of the experiment 
{leukopenic and normal cats) 


CAT NUMBER 

STABS AND SEGMENTED NEUTRO- 
PHILES FERC.MM. 

LYMPHOCVTES PER C.MM. 

EOSINOPHILES PER C.aiM. 

Prior to ♦X 

X 

'o 

1.1 

00 

X 

'o 

-o 

W 

X 

*e3 

1 

i 

•o 

-a 

S 

X 

2 

1.1 

.9 

*».< 

Ph 

X 

*© 

u 

cd 

00 

X 

o 

First after X 

End of expt. 

Prior to X 

Start of X 

End of X 

First after X 

End 0 f expt. 

7 

45 

7189 

5585 

||B| 

175 

225 

1638 

598 

76 

76 

B 

273 

0 

0 

0 

18 

9765 

6532 

2464 

E|| 

5760 



159 

396 

180 

B 

276 


0 

0 

1 

50 

11856 

14229 

IH 

60 

150 


918 

472 

40 

H 



236 


18 


2368 



43989 


448 

861 

1926 

3311 

n 



428 


18 

0 

192 

4136 

5568 

20 




58 

20 

0 


94 

m 

10 

20 

6110 

110 

3792 

7812 



385 

118 


1175 


55 

39 

93 

0 

23 

360 


5733 

3928 

640 

216 

1443 

504 

1215 

128 

12 

518 

0 

0 

0 

24 

8680 

162 

4895 


12831 


522 

495 

825 

846 


216 

0 

0 

0 

25 

180 


8554 


60 

im 

1445 

658 



in 

$50 

0 

0 

0 

20 

13650 

768 

8645 

13392 

17622 



475 

864 

1386 

B 

72 

285 

0 

0 

28 

25 

2448 

7332 

5632 

77 

25 

3944 

468 

768 

473 

B 

272 

0 

0 

0 

27 

16335 

69 

6474 

15147 

7215 



1248 

2992 

3441 

1188 

161 

0 

0 

0 

29 

87 

2397 

1824 

759 


52 


528 



B 

376 

24 

0 

0 

30 

8832 

945 

728 

1876 

18512 

4554 

945 

616 

868 

1872 

414 

189 

0 

0 

0 

17 

435 


5254 


448 

mm 

3420 

1775 

2450 


0 

360 

0 

98 

32 

8 



7110 

7425 


7996 

1736 

1620 

2376 

1573 

975 

186 

90 

0 

0 

Total 

2 

48718 

97825 

121324 

139844— 


26952 

11611 

m 

15838 

8679 




42 

Av. no. per t«am 
















(2 cats) 

11388 


12228 

15167 


6335 

3369 

1438 

2130 

1979 

1084 

707 

116 

106 

5 

Av.% of change 


-46.5 

+7.3 




-43.3 

-77.3 



1 



B 


Total of 8 normals 




74221 





11177 

13784 

I 

s 

s 

1 

0 

Av. % of change 











i 



B 


(normal cats} . . 





+85.3 






1 

1 

1 

1 

-m 


• Cross circulation. 


per cu. mm. Table 3 shows the changes that occurred in the stabs and neutro* 
philes, the lymphocytes and the eosinophiles. It will be seen that the stabs and 
neutrophiles showed a percentage drop of 46.5 at the beginning and a rise of 7.3 
at the end of cross circulation. Corresponding figures for the lymphocytes were 
minus 46.8 and minus 77.3, whereas those for the eosinophiles were minus 34.8 
and minus 89.3. 
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After the anastomoses were discontinued and the animals had their own circu- 
lations restored, the normal animals showed a prompt increase in the number of 
white blood cells in the peripheral blood. These normal animals increased the 
average number of cells per cu. mm. from 11050 immediately after restoration 
of their circulation to 19337 at the end of the period of observation. In all in- 
stances, the observations were continued until the maximum increase had 
occurred. The percentage increase in the stabs and neutrophiles in the period 
after cross circulation was 86.3. Corresponding figures for the lymphocytes and 
eosinophiles were plus 23.3 and minus 100.0. 


W.B.C. IN 
THOUSANDS 



Chart 1. This chart shows the changes in the white blood cell picture of a leukopenic 
irradiated cat during and following a period of cross circulation with a normal eat. 

The time elapsing between the end of the cross circulation and the taking of 
blood for the first white blood cell studies varied from seventeen to fifty minutes 
and accounts for the difference in values obtained in the animals in the first 
determinations made after the cross circulation was stopped, since the white 
blood cell value dropped in the leukopenic animals and tended to rise in 
the normal animals when the animals were separated. However, the important 
figure for our purpose was the height of the white blood cell count at the time 
when observations were begun. 

Reference to table 2 shows that the white blood cells rapidly disappeared in 
the leukopenic cats after cross circulation was stopped, the original values being 
reached in a short while. The rate of disappearance of these cells varied from 
378 to 1475 white blood cells per cu. mm. per hour. Charts 1 and 2 show the 
findings in typical experiments. 
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In one experiment, three normal animals were used for cross circulation with 
one leukopenic cat. At the end of four hours of cross circulation with the first 
normal cat, the total number of white blood cells in this normal cat was 5600 per 
cu. mm. After eight hours of cross circulation with another normal cat, the 
total white blood cell count of this cat was 14,500 and following ten hours of cross 
circulation with a third normal animal, the latter had a total white blood cell 
value of 23,800 per cu, mm. The control figures for all three of these normal 
cats w'ere between 14,000 per cu. mm. and 15,600 per cu.mm. 

Discussion. One of the principal arguments against previous experiments 
dealing with the length of time the white blood cells remain in the general circula- 
tion is that there has been no w'ay of being sure that manufacture of the cells has 


VKBC 

thousands 



Chart 2. This chart shows the changes in the white blood cell picture of a leukopenic cat 
and a normal cat during and after cross circulation. The leukopenic cat had infectious 
feline agranulocytosis. 


been stopped or reduced to such a low point that production of cells in these 
animals could be said not to influence the reailts. In these experiments we feel 
that the evidence is in favor of almost total cessation of the manufacture of white 
blood cells since the w'hite blood cell counts w^ere reduced to very low levels — 
the average for the nine leukopenic animals being 739 per cu. mm. In only two 
of the leukopenic animals w^as the total number of white blood cells above 600 
per cu. mm. Hence, it can be assumed that the cells, which were added above 
the established level of the animals, w^ere not appreciably increased by any 
production of these cells by the experimental animals. In other words, w^e can 
say definitely wdien the cells were added and w^hen their addition ceased, since 
no further cells w’ere added after cross circulation w^as discontinued. 

Our results show that the leukopenic cats lost w’hite blood cells, w’hich wxre 
given them by cross circulation, at the average rate of 881 cells per cu. mm. 
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per hour. If a normal cat should use its white blood cells at this rate it would 
be forced to have them replaced approximately one and one-half times in twenty- 
four hours, since it has been shown (1) that the average number of white blood 
cells for the adult cat is 15,000 per cu. mm. However, the assumption that 
leukopenic animals handle w’hite blood cells as regards their length of life in a 
normal fashion cannot be made. Indeed, some of our results argue very strongly 
against such an assumption. 

In this connection we may mention the fact that there is a marked leukopenia 
associated with neutropenia, lymphopenia and eosinopenia at the beginning of 
cross circulation betwreen a leukopenic and a normal.cat. This is in strong con- 
trast to the neutrophilic leukocytosis w'hich was found to occur in the experiments 
in which a normal cat w^as connected with another normal cat. The blood 
changes found at the beginning of cross circulation betw’een a leukopenic and a 
normal cat are identical with those w’hich we have found (12) are produced by 
the intravenous injection into normal cats of serum of cats ill with infectious 
feline agranulocytosis. In this previous w^ork, it w’as found that the character- 
istic changes in the white blood cell picture w^ere produced by the intravenous 
injection of 5 ml. of serum from a sick cat. An attempt w^as made to discover an 
explanation for this response of the blood but a satisfactory answer was not 
obtained. The peripheral blood changes w’ere similar to those seen following 
foreign protein injections but the omental circulation w^as not entirely typical 
of this. HoW' ever, the rapidity of the reaction was suggestive of some redistribu- 
tion effect, although it w^as not pathognomonic of it since such rapid changes have 
been shown (4) to have been caused by actual destmction of the w^hite blood 
cells. Whatever the answ^er may be, wx believe the blood changes at the begin- 
ning of cross circulation were of the same nature as those obtained with 
^^agranulocytic’’ serum. It is trae that most of the leukopenic animals used in 
experiments being reported in this paper w'-ere irradiated animals whereas those 
used in the work just referred to w^ere animals with leukopenia due to infectious 
feline agranulocytosis. However, w^e suspect that both types of animals react 
in the same way in this regard, as the one "‘agranulocytic” animal used in cross 
circulation showed the same wrhite blood cell changes as the irradiated animals. 
Whether such a response is common to all types of leukopenia, w^e cannot say. 
This effect tended to become less as time w^ent on and, at the end of the period of 
cross circulation, there was a diminution of the total wrhite blood cell level of 27.5 
per cent as compared with 46.5 per cent at the beginning. This increase in the 
total number of cells was probably due, in a large measure, to increased output 
of neutrophilic cells by the bone marrow' of the normal animal. One indication 
of this is the fact that the stabs and segmented neutrophiles showed at this time 
an increase of 7.3 per cent as compared with their number prior to cross 
circulation. 

The diminution of 27.5 per cent in the total number of white blood cells at the 
end of cross circulation is very difficult to explain since there was an increase of 
72.7 per cent when normal animals w’ere anastomosed. It is of some interest 
to attempt to analyze this discrepancy. For purposes of discussion we shall 
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assume first that the indmdual animal consume^ white blood cells at a given rate 
regardless of their age. We shall make the further assumption that this rate is 
881 cells per cu- mm. per hour and that it holds for normal as well as leukopenic 
animals. Then, if we consider that the bone marrow of only one animal is 
functioning in the experiments where a leukopenic animal is anastomosed with a 
normal animal, we must arrive at the conclusion that the rate of use of white blood 
cells under these conditions will be 1762 (2 X 881) per cu. mm. per hour. In 
other words, the loss of white blood cells per unit of bone marrow is twice the 
normal. Thus, 881 cells per cu. mm. would be lost in excess of normal each hour. 
Hence if the normal animal is able to increase its white blood cell count 72.7 
per cent, the sum total of leukocytes in the combined peripheral blood of the 
two animals should, at the end of cross circulation, be equal to the combined 
total white blood cell count prior to cross circulation plus 72.7 per cent 
of the number of white blood cells present in the normal cat prior to 
cross circulation and minus 881 white blood cells per cu. mm. per hour of cross 
circulation destroyed by the leukopenic animal. The average length of cross 
circulation in this group of experiments was 7.4 hours. Applying this reasoning 
to combined figures of the eight separate cross circulation experiments carried 
out the following data are pertinent: 


(1) Combined total white blood cell counts ($ normal plus 8 leukopenic 

cats) prior to cross circulation 164050 

(2) Combined total white blood cell counts of 8 normal cats prior to cross 

circulation 149000 

(3) White blood cells destroyed per leukopenic animal per cu. mm. per 7.4 

hours (881 X 7.4) 6520 

(4'' Total cells destroyed by 8 leukopenic cats 52160 


Then at the end of cross circulation the expected total number of white blood 
cells for the entire group of eight normal and ei^t leukopenic cats would be 
154050 plus 108423 (149000 X 0.727) minus 52160 or 210323 white blood cells. 
How^ever, at the end of the cross circulation the combined total white blood cell 
count was only 111750, leaving a deficit of 98573 cells which is unexplained. 
This deficit becomes even greater if w^e assume that w^hite blood cells live a certain 
period of time and do not die until that age is reached, for, under these conditions, 
the rate of loss in cross circulation betw^een a leukopenic and a normal animal 
w'ould be no greater than in the case of a normal animal alone. We doubt this 
being the case but have no proof that it is not true. Further, w^e have no proof 
that the normal animal uses w^hite blood cells as rapidly as the leukopenic animaL 
If this is not true, the discrepancy would become even greater. 

This marked difference between the number of cells actually in the peripheral 
blood and the number that theoretically should be present is capable of several 
explanations. One of the first possibilities that arises is with reference to the 
presence of some leukotoxic substance or substances in the blood of the leukopenic 
animals. If such w’ere the case, the same or a similar substance must have been 
present in the ‘^agranulocytic’’ animal. The fact that manufacture of cells pro- 
ceeded in a normal fashion after cross circulation was stopped argues against 
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but does not refute the possibility that small amounts of some leukotoxic sub- 
stance or substances were present in the circulating blood of leukopenic animals. 
On clinical grounds, it would seem logical to assume that leukopenia in general 
was associated with such a substance since it is known that the white blood cells 
of patients \vith leukopenia cannot be elevated for any period of time by trans- 
fusions with blood containing normal numbers of cells. If this is true, one could 
explain it by considering that normal animals produced enough of such a sub- 
stance to destroy white blood cells at a normal rate and that this material was 
neutralized as it reacted with white blood cells. If this were the case, leukopenic 
animals would have an excess of leukotoxic material. This would readily ex- 
plain a more rapid disappearance of white blood cells in leukopenic than in normal 
animals. However, we have no proof that this situation exists. Of course, it is 
entirely possible that irradiation results in the production of some leukotoxic 
substance and that this is different from any leukotoxic substance that may be 
associated with leukopenia due to other mechanisms. 

Another theoretical explanation is that the leukopenic animals had consumed 
the white blood cells that were normally in the tissues and, therefore, removed 
those given them from the blood more rapidly than normal. If this had been 
true, it should have been possible to have noted a dimunition in the rate of disap- 
pearance from the peripheral blood of the cells in those animals in whom cross 
circulation was maintained for long periods of time as compared with those in 
whom cross circulation was continued for short periods of time. Reference to 
table 2 show's that this was not the case. Actually the lowest rate for disappear- 
ance of the white blood cells — ^378 per cu. mm. per hour — occurred in an animal 
that was subjected to cross circulation for only two and one-half hours. The 
most rapid rate of disappearance was found in cat 31. In this animal cross 
circulation was maintained for tw^enty-two hours and, in addition to this, three 
normal cats were used in cross circulation so as to avoid the leukopenia which 
seemed to be the result of a greater demand for cells than the bone marrow of our 
normal animals was capable of supplying. 

Still another explanation for the discrepancy bet\veen the vrhite blood cells 
present and those that theoretically should be present is temporary bone marrow 
exhaustion of the normal animal connected to the leukopenic animal. In other 
w'ords, the demands for white blood cells under these conditions may have been 
greater than the bone marrow of the normal animal could supply. That bone 
marrow exhaustion may occur is suggested by the fact that leukopenia may 
develop in some fulminating infections. That temporary bone marrow exhaus- 
tion may have developed in our experiments is indicated by the r^lts obtained 
when three normal cats, rather than one, were used for cross circulation. In this 
experiment the level of the white blood cells was raised each time a new animal 
was used, the level at the end of use of the first normal being 5600 whereas the 
level following the use of the second animal was 14,600 and that following use 
of the third cat was 23,800 per cu. mm. Only one experiment of this sort was 
done and, of course, no conclusions can be drawn from it. Much work would 
be required to answer the question as to the possibility of bone marrow exhaus- 
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tion. However, we can state that, if such exhaustion did exist, it was 
not permanent since our normal animals were able to show an increase of 75.0 
per cent in the total number of white blood cells when cross circulation was 
discontinued. Other possible explanations exist but we shall not discuss them. 
We regret that we are unable to indicate the correct explanation at this time. 

The question naturally arises as to 'whether the reported rate of disappearance 
of the white bood cells represents the rate at which they are destroyed. We 
are inclined to feel that such is the case for, if it were not, then cells 
would accumulate in large numbers in certain areas. This would result in con- 
stantly increased numbers of cells in the tissues 'with increased age. Such is 
kTionm not to occur. Further, actual study of sections from tissues of various 
organs of the body has failed to reveal any excessive accumulation of these cells. 
(14) Also, if the cells were leaving the circulation only to return and be used 
again, one would have a right to expect that they should have returned to the 
peripheral circulation of our animals. 

Additional evidence of the same nature was obtained by obser\dng the omental 
circulation of cat number 25 under the microscope during an entire experiment. 
Prior to cross circulation the white blood cell count of this animal was 250 per 
cu.mm. At this time, no white blood cells were \'isible in the vessels of the omen- 
tum. Many white blood cells appeared in these vessels soon after cross circula- 
tion was begun. They continued to be visible in these vessels throughout the 
period of cross circulation. Following discontinuation of the anastomosis, there 
'was a gradual disappearance of the white blood cells in the omental vessels 
associated with the steady diminution of these cells in the peripheral blood. 
In other words, the number of cells in the para-capillaries of the omentum showed 
excellent correlation 'with the number in the peripheral blood. 

The depreciation in the lymphocyte level at the end of cross circulation was 
probably due to the relative increase in the stabs and neutrophiles since this is a 
well recognized reaction. Even though the total white blood cell count was 
diminished 27.5 per cent at the end of cross circulation there was an average 
percentage increase of 7.3 in the stabs and neutrophiles at this time. It should 
be noted that there was a corresponding increase of 132.3 per cent in the stabs 
and neutrophiles and a decrease of 50.4 per cent in the lymphocytes at this time 
in the experiments where two normals were used. 

The marked diminution in the eosinophiles during cross circulation can be 
explained as the result of the operative procedures. This is a w^ell recognized 
response and has been commented upon previously (9). 

Attention should be called to the fact that basophiles and monocytes are present 
in such small numbers in the blood of the cat (1) that our observations camiot 
cover them. Further, the eosinophile almost completely disappeared during 
cross circulation (presumptively as the result of the operative procedure) and 
hence was not involved in the cells that disappeared after cross circulation was 
discontinued. Actually, the neutrophilic segmented and stab cells were the ones 
that were mainly concerned. The observations reported in a separate com- 
munication by Adams, Saunders and Lawrence (2) are more pertinent as regards 
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the rate of disappearance of the lymphocyte although this cell was present in 
sufficient numbers in some of the experiments to indicate a trend in the same 
direction as that of the neutrophile. 

The great discrepancy between our findings as regards the life of the white 
blood cells in leukopenic animals and those of investigators using tissue culture 
is easy to understand. In tissue culture, the cells are not called upon to perform 
any duties and are, to all intents and purposes, in storage. Hence the 'wear and 
tear on them is minimaL The situation is comparable to the difference between 
the life of a motor kept in storage and that of one kept in active use. 

Our results (2) in studies of the lymphocyte indicate a more rapid replacement 
for these cells than has been found in the present work, which deals largely with 
neutrophijiic cells so that the total turnover is probably greater than one and one- 
half each day. We are not sure, as indicated above, that the rate of disappear- 
ance of cells in the leukopenic animal is the same as in the normal animal. If this 
should be the case, it w’-ould indicate a rapid turn-over of wffiite blood cells— that 
is, approximately t'wice in 24 hours. We are inclined to feel that the turn-over 
is a fairly rapid one even in normal animals and, therefore, suggest that the 
white blood cells are in the blood largely as a means of transportation and that 
they rapidly pass from it to the various body tissues where they are soon de- 
stroyed. What their functions are in these tissues cannot be stated in full. 
However, their rapid use indicates that they may be much more important in 
body metabolism than is generally assumed. While they may carry out im- 
portant functions in the blood, they probably are functionally much more im- 
portant in the various tissues of the body. 

If this hypothesis is correct it indicates a vnde difference between the red blood 
cell and the white blood cell since the former cell remains in the peripheral blood 
throughout mOvSt of its life, of approximately one hundred and twenty days. This 
hypothesis makes it necessary, also, to assume a very much greater production 
of white blood cells than would be assumed on the basis of their numerical values 
in the blood. This is in agreement mth. the known fact that there are large 
amounts of myeloid tissue and lymphoid tissue in the body. Actually the 
amount of myeloid tissue is greater than that of erythroid tissue, the average 
ratio in the human being 3.6:1 according to Osgood (17). This ratio takes no 
account of the lymphoid tissue and the connective tissue that forms monocytes 
and, accordingly, must be too low if we consider all of the white blood cell forming 
tissues. If we assume a leukopoietic erythroid ratio of 4: 1, this certainly ■will be 
low rather than high. If we make the additional general assumptions: 1, that 
the red blood cells of the cat live on the average 100 days; and 2, that the ratio 
of volume of white blood cells to red blood cells in the circulating blood is 1:80, 
we can arrive at some conclusion as to the expected- life of the white blood cell 
in the cat. Thus, if the leukopoietic tissue and the erythroid tissue have an equal 
production rate, there should be four times as many white blood cells as red blood 
cells provided both tjrpes of cells have the same length of life. Actually, the 
volume of the. white blood cells is only approximately one-eightieth that of the 
red blood cells. Now, if the production rate is held to be equal for both t3rpes 
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of tissue, the only way this difference can be accounted for is by a difference in 
the life span of the two types of cells. Thus, the expected life of a white blood 
cell on this basis would be 0.3 of a day (100 -r 320) or 7.2 hours. This is admit- 
tedly a very rough approximation but it is perhaps significant that it does result 
in a figure which is not far removed from the one we have found — ^namely, sixteen 
hours. In other words, both the expected life of a white blood cell and that actu- 
ally found in our experiments are a matter of hours rather than days. 

conclusions 

The average rate of disappearance of vdiite blood cells in the cat under the 
conditions of these experiments is 881 cells per cu. mm. per hour. 

The hypothesis is advanced that the vfhite blood cells of the cat may be re- 
placed about one and one-half times in twenty-four hours. It is assumed that 
the white blood cells use the general circulation as a means of transportation. 
This does not mean that they are functionally inactive while in transit but vsug- 
gests that their more important functions are performed in the body tissues other 
than the blood. 
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The scientific literature of the past seventy years contains many qualitative 
and quantitative determinations of the cellular content of thoracic duct lymph. 
Since the time such investigators as Lesser (15), Colin (6), Zawdlski (25), Meruno- 
wicz (16), Heidenhain (10) and Wintemitz (23) first recorded the rate of flow 
of lymph from the thoracic duct of various animals, interest has been focused on 
its contents. 

The work of later investigators has shovn a diminution in the number of 
lymphocytes in the blood following exclusion of the thoracic duct lymph from 
the circulation — ^Biedl and von Decastello (2), Selinoff (21), Crescenzi (7), Rous 
(18, 19), Bunting and Huston (5), Lee (14), and Blalock et al. (3). 

However, Bloom (4) stated that the thoracic duct was not the main avenue 
for the entrance of lymphocytes into the general circulation. Sanders, Florey, 
and Barnes (20), working on cats and rabbits, held that ^^the fall of l 3 rmphoc 3 rtes 
in the blood bears no relation to the number lost in the escaping thoracip lymph”. 
They observed a fall from the normal of 5,000 lymphocytes per cmm. to 2,000 
per cmm. in peripheral blood soon after a thoracic duct cannula was tied in 
place, and stated that correlation between the number of Ijnnphocytes in the 
blood and the number in the thoracic duct was impossible because of the un- 
stable blood picture caused by operation. • 

We became interested in this problem because of studies which we were making 
with reference to the life cycle of the white blood, cells. Since there was some 
conflict in the results obtained by the investigators in this field, we felt that we 
should make our own observations. Accordingly, a series of experiments dealing 
with thoracic duct lymph of the cat has been performed. This report deals 
with our findings and, as such, gives our results with reference to; 1, the rate of 
lymph flow in cats; 2, the average hourly output of lymphocytes per kilogram 
of body weight in the thoracic duct of normal cats; 3, the effect on the peripheral 
blood caused by removal of thoracic duct lymph; 4, the effect of irradiation on 
lymphocyte production in the lymph of cats; 5, the effect of the virus disease, 
infectious feline agranulocytosis on lymphocyte production in the lymph of cats; 
and 6, the identity of cells as found in normal thoracic duct lymph. 

Methods. The data which have been used in this paper have been collected 
from observations made on forty cats; twenty-one normal animals with thoracic 

^ The expenses for this work were defrayed in part by a grant from the John and Mary R. 
Markle Foundation. 

® Serving in the armed forces. 
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duct cannulation, ten normal animals operated upon but not cannulated (con- 
trols), five irradiated animals and four agranulocytic animals- (Cats referred to 
hei’eafter as agranulocytic are cats sick with infectious feline agranuloc 3 rtosis — 
Lawrence and Sy\^erton (12).) The cats vrhich were selected \ieve young and 
weighed 1.93 kilograms on the average. 

One group of twenty-one normal animals was treated as follows: Four hours 
after the cats were fed 40 cc. of light cream, they were anesthetized by an intra- 
peritoneal injection of dial and urethane. Thereupon the thoracic duct was 
exposed in the following manner: an area over the upper chest and thoracic inlet 
was shaved and an incision 2 to 3 cm. long was made slightly to the left of the 
midline. The pectoral and clavotrapezius muscles w’ere dissected free down to 
the junction of the jugular and subclavian veins. The thoracic duct was exposed 
and ligated next to its venous junction or junctions. The duct was nicked with a 
pair of fine scissors, and a glass cannula was inserted and tied in place. The 
cat was then rotated to a prone position with the head and forelegs supported. 
The lymph was allowed to drip by gravity into a collecting burette graduated in 
tenths of a cubic centimeter. At intervals of fifteen minutes white cell counts 
were done in duplicate on Ijrmph pipetted directly from the cannula. The 
amount of Ijnnph collected during each fifteen minute period was recorded. 
Every one-haJf hour a white cell count and a smear were made on the peripheral 
blood obtained from the marginal ear vein. The cat was kept alive as long 
as the flow of lymph remained sufficiently great to permit accurate measurement 
of flow. Water balance was maintained by giving hjTpodermic saline injections, 
the total amount given being equal to the amount of lymph withdrawn. Normal 
body temperature was sustained by the use of an electric lamp. Usually after 
six or seven hours the experiment was terminated and the animal sacrificed. 
Thirteen of these animals had only one pre-operative white blood cell cOunt. 
It was realized that it was not statistically accurate to compare this single value 
with multiple post-operative counts. Accordingly, the remaining eight animals 
of this group had a three hour pre-operative control period during which time 
six white blood cell counts and six differential counts were made on the peripheral 
blood. 

A second group of ten normal cats had the same procedures carried out as in 
the first group of twenty-one normal cats except for actual cannulation of the 
thoracic duct. In other words, the thoracic duct was exposed, dissected free 
and then packed vith moist sponges. The trauma inflicted was equivalent to 
that inflicted on the animals whose thoracic ducts were cannulated. Since no 
lymph was removed from these animals, no saline injections were given. 

A third group of five normal cats was irradiated. Each cat was given 1,600 
roentgen units (vdth the viscera protected by lead shields) to each of the following 
regions: 1, to head, forelegs and cervical vertebrae; 2, to tail, hindlegs and pelvic 
girdle; 3, to upper sacral vertebrae and lumbar vertebrae. Four to five days 
following the above exposure, the cats were used in thoracic duct cannulation 
experiments as described for the first group of twenty-one cats. 

A fourth group of four cats was infected with the virus of infectious feline 
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agranulocytosis, according to the methods of Lawrence and Syverton (12), and 
at the hei^t of this disease were used for cannulation experiments, as described 
for animals of the first group. 


TABLE 1 

Thoracic duct lymph data 


TYPE OP ANIMAL 

TOTAL OUTPUT OF LYMPHOCYTES IN MILLIONS 

PER KILOGRAM PER HOUR 

AVERAGE NUM- 
BER OP LYMPHO- 
CYTES PER CU. 
MM. OF THO- 
RACIC DUCT 
LYMPH 

1 

1 NUMBER OF 
! CC OF LYMPH 
i PER HOUR 

Minimum 

Maximum 

Average 

Normal 


92.6 

35.5 

14,156 

5.02 

Irradiated 


10.4 

5.6 

2,011 

4.75 

Agranulocytic 


39.7 

1 

15.6 

3,932 

4.11 


TABLE 2 


Results of thoracic duct cannulation of tioenty-one normal cats 


EXPERIMENT 

iSrUIyCBRB 

DURATION 

IN HOURS 

LYMPH FLOW , 
NUMBER OF CC. 
PER HOUR 

A\’ERAGE 
LYMPHOCYTE 
COUNT OF 
THORACIC DUCT 
LYMPH PER 

CU. MM. 

AVER-AGE 
WHITE BLOOD 
CELL COUNTS 
PER CU. MM. 

AA^ERAGE 
NUMBER OP 
LYMPHOCYTES 
IN BLOOD PER 
CU. MM. 

THORACIC DUCT 
LYMPHOCYTES 

IN MILLIONS 
PER KILOGRAM 
PER HOUR 

1 

3.0 

1.80 

24,625 



24,5 

2 

4.0 

7.12 

9,471 



35.6 

3 

2.5 

2.84 

15,842 

1 

[ 

31.4 

4 

2.0 

5.75 

7,219 

22,650 

1 2,491 

29.8 

5 

7.0 

3.14 

15,933 

15,480 

' 1,548 

33.6 

6 

6.0 

3.02 

4,288 

23,223 

3,065 

9.6 

7 

8.0 

6.05 

28,779 

22,182 

2,285 

92.6 

8 

6.0 

4.90 

11,690 

26,584 

2,525 

27.9 

9 

6.0 

3.72 

11,748 

45,207 

2,622 

29.6 

10 

6.5 

4.08 

12,321 

18,635 

3,727 

24.2 

11 

6.0 

6.23 

14.850 

16,592 

1,377 

40.3 

12 

7.0 

6.77 

29,587 

39,893 

4,787 

S6.5 

13 

6.0 

5.22 

21,800 

31,960 

2,205 

44.4 

14 

6.0 

2.83 

12,655 

42,880 

4,803 

19.0 

15 

6.0 i 

6.44 

11,183 

19,775 

: 1,700 

37.6 

16 

6.0 ’ 

4.16 

20,602 

17,350 

3,643 

50.3 

17 

6.0 

6.88 ! 

7,900 

28,166 

2,253 

19.2 

18 

6.0 

4.94 ! 

7,805 

38,066 

2,474 

21.7 

19 

6.0 

6.93 

5,208 

42,500 

2,762 

13.6 

20 

6.0 

7.28 

7,600 

37,916 

3.526 

35.3 

21 

6.0 

5.36 

16,166 

17,833 

1,908 

39,1 

Average 

5.02 

14,156 

26,160 

2,761 

35,5 


Results. Most of the results are shown in the tables and charts. It will 
be seen that the lymphocyte output of the thoracic duct of the normal cat is a 
very variable factor. The range is from 9.6 to 92.6 X 10® per kilogram per hour. 
Study of table 2 shows that there is no close correlation between the output of 
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lymphocytes per hour in the lymph and either the total white blood cell count or 
the number of lymphocytes in the blood during the period of cannulation. 

The amount of l^^'mph flow per hour is subject to wide variations also. The 
range in twenty-one normal cats was 1.80 cc. to 7.28 cc. per hour. Variations 
of approximately the same magnitude were found in the irradiated and the 
agranulocytic cats as seen in tables 3 and 4. 

Cannulation of the thoracic duct was followed by an appreciable diminution 
in the number of the lymphoc 3 rtes in the peripheral blood. However, practically 

TABLE 3 


Results of thoracic duct cannulation of cats made leucopenic by irradiation 


EXPEKBCENT 

NUMBER 

DURATION 

IN HOURS 

LYMPH PLOW 
NUMBER OP CC. 
PER HOUR 

AVERAGE 
! LYMPHOCYTE 
COUNT OP 
THORACIC DUCT 
LYMPH PER 

CU. MM, 

AVERAGE 
WHITE BLOOD 
CELL COUNTS 
PER CU. MM. 

AVERAGE 
NUMBER OP 
LYMPHOCYTES 
IN BLOOD PER 
CU. MM. 

[ 

i THORACIC DUCT 
LYMPHOCYTES 

IN MILLIONS 
PER KILOGRAM 
PER HOUR 

32 

3.0 

3.80 

1,683 

1,542 

231 

4.0 

33 

4.5 

3.00 


■SH 

607 

3 2 

34 

6.0 

4.76 

1,122 


262 

3.5 

35 

6.0 

4.93 


2,212 

619 

6.9 

36 

6.0 

7.23 

2,352 

3,279 

823 

10.4 

Average 

4.75 

2,011 

1,760 

508 

5.6 


TABLE 4 


Results of thoracic duct cannulation of cats during leucopenic stage of infectious feline 

agranulocytosis 


EXPERIMENT 

NUMBER 

DURATION 

IN HOURS 

LYMPH PLOW 
NUMBER OP CC. 
PER HOUR 

AVERAGE 
LYMPHOCYTE 
COUNT OP 
THORACIC DUCT 
LYMPH PER 

CU. MM. 

AVERAGE 
WHITE BLOOD 
CELL COUNTS 
PER CU. JIM. 

AVERAGE 
NUMBER OF 
LYMPHOCYTES 
IN BLOOD PER 
CU. MM. 

THORACIC DUCT 
LYMPHOCYTES 
IN JOLLIONS 
PER KILOGRAM 
PER HOUR 

37 

6.0 

6.13 

5,512 

511 

467 

16.5 

38 

5.0 

2.82 

1,700 

225 

195 

5.5 

39 

5.3 

5.02 

8,801 

1,395 

1,122 

39.7 

40 

4.0 

2.47 

435 

200 

120 

0.5 

Average 

4.11 

3,932 

583 

476 

15.6 


the same effect on the peripheral blood w'as produced by carr 3 dng out all of the 
procedures incident to cannulation but with omission of cannulation. Charts 
1 and 2 show this clearly. 

The cats that were leukopenic as a result of irradiation had very small numbers 
of lymphocjrtes in the thoracic duct lymph and a low output of lymphocytes per 
kilogram per hour, the average being 5.6 X 10® per kilogram per hour. 

The agranulocytic cats had low values for lymphocytes in the thoracic duct 
lymph but they were not so low as in the irradiated animals. The average figure 
for lymphocytes in thoracic duct lymph of the agranulocytic cats was 3,932 cells 
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per crrmi. as compared with 2,011 cells per cmm. for the irradiated cats. The 
output of lymphocytes per kilogram per hour was distinctly greater in the agranu- 
locytic cats than in the irradiated cats, the average being 15.6 X 10® per kilogram 
per hour. In this connection, it should be noted- that the leukopenia was more 
profound^ in the agranulocytic cats and the average total white blood cell value 
in this group w^as 583 as compared with 1,760 per cu.mm, for the irradiated cats. 

In normal cats the average hourly output of thoracic duct lymph was 5.02 
cc. This figure is based on twenty-one normal experiments with cats fed 40 
cc. of light cream During the experiments it was noted that the rate of lymph 
flow varied widely as had been found by numerous previous investigators in this 




Chart 1. Control experiments 10 normal animals 
Chart 2. Thoracic duct cannulations 8 normal animals 

field, among others, Drinker and Yoffey (9). Tw’enty-five smears of thoracic 
duct lymph from the normal cat w^ere examined. The averages of these 
differential counts w'-as: eosinophiles 0.24 per cent, neutrophiles 1.12 per cent, 
small lymphocytes 92.80 per cent, intermediate lymphocytes 5.12 per cent, 
large lypaphocytes 0.64 per cent, and unclassified 0.12 per cent. A few red 
blood cells were constantly found in the thoracic duct lymph. 

Discussion. The wide variations which we found in the output of lympho- 
cytes in the thoracic duct differ from the findings of Rous (18, 19) but are in 
agreement with the findings of Drinker and Yoffey (9). It should be pointed 
out that there was not only a wide variation from cat to cat but, also, marked 
variations in the same animal from hour to hour. 

If we take the average figure of 35.5 X 10® lymphocytes per kilogram per 
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hour as the average output of lymphocytes by way of the thoracic duct we can 
estimate the daily replacement of these cells by way of thoracic duct l3rmph. 
The normal cat probably has a blood volume representing 6.5 per cent to 8.0 
per cent of its body weight (Weicker (22) and Robscheit-Robbins (17)). Thus, 
the average number of cubic millimeters of blood per kilogram of cat is 72,500. 
Ackart, Shaw and Lawrence (1) found that the average adult normal cat had 
4,800 lymphocytes per cu. mm. of blood. Accordingly, a normal cat can be 
considered as having 348 X 10® lymphocytes per kilogram of body weight at any 
one time. Eight hundred and fifty-two X 10® (= 35.5 X 10® X 24) lymphocytes 
per kilogram will be delivered to the blood in twenty-four hours by way of the 
thoracic duct lymph. In other words, enough lymphocytes enter the blood by 
way of the thoracic duct lymph to replace those present in the blood 2.4 times in 
twenty-four hours. This figure agrees closely with that of Yoffey (24), who ob- 
tained for the dog a corresponding figure of 2.06. It is also in close agreement 
with the figures for cats of 0.5 to 3 obtained by Sanders, Florey and Barnes (20). 
Inasmuch as thoracic duct lymph represents only a part of the lymph that 
gets into the blood, these figures are probably too low if used to represent the 
actual daily replacement of lymphocytes in the blood 

It is interesting to speculate whether these figures represent replacement of new 
lymphocytes via the thoracic duct or whether an acutal circulation of 
lymphocytes occurs between blood and lymph. Drinker and Yoffey (9) calcu- 
lated that, “of the lymphocytes entering the blood by way of the lymph, one in 
thirty-two was returning to the blood after having entered the lymph, while the 
other thirty-one were newly formed cells. ’’ There is good support for the circula- 
tion of lymphocytes which, although demonstrable, is not of great significance 
when one considers the total lymphocyte replacement occurring ^da the thoracic 
duct. We must, therefore, come to the conclusion that the life span of the normal 
lymphocyte of the cat is not more than ten to twelve hours. 

Our results do not give support to those who hold that the diminution in the 
number of lymphocytes in the blood, which follows ligation or cannulation of 
the thoracic duct, is due w'hoUy to failure of these lymphocytes to enter the 
systemic circulation. Since Biedl and von Decastello (2) first ligated the right 
lymphatic duct and thoracic duct in dogs and noted a drop in blood lymphocytes, 
interest has been focused on the effect of exclusion of lymph from entering the 
systemic circulation. The observation that an absolute lymphopenia occurs has 
been substantiated by: Davis and Carlson (8), Bunting and Huston (5), Lee (14), 
Eondwall (11), Drinker and Yoffey (9) and Blalock (3). By comparison of charts 
1 and 2 it can be seen there is only a slight difference between the normal fistula 
cats and the control animals. (This difference is actually only 5 per cent.)^ 
It should be pointed out that the leukocyiiosis in the tivo groups compares very 
closely (51.8 and 46.0 per cent). From these data it would seem that the drop 

5 A statistical analysis of our figures has been made by J. A. Rafferty, who by the applica- 
tion of an Analysis of V ariance, found that the control period precedent was followed within 
the ten per cent probability for all points except the last. In other words, his conclusions 
are in conformity w'ith ours. 
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in blood lymphocytes folloi^ing cannnlation of the thoracic duct was not solely 
due to the formation of a thoracic duct j&stula but possibly due to a neutrophilic 
leukocytosis vdth. a concomitant lyunphopenia. The majority of investigators 
in this field have obtained a neutrophilic leukocytosis folIo\\ing thoracic duct 
cannnlation or ligation. One exception is found in the report of Bunting and 
Huston (5) who cite two experiments of the ligation of the right l 3 nnphatic and 
thoracic ducts of rabbits in which they obtained no rise in the total white blood 
cell count following operation and obtained a drop in blood lymphocytes. It 
is our opinion that the drop in blood l 3 nnphocytes follo^ving thoracic duct cannu- 
lation is due, only in part, to the formation of a thoracic duct fistula but in part 
to the depressant action of a neutrophilic leukocytosis on the lymphocytes of the 
peripheral blood. This depressant action is a well knoTim clinical fact, for com^ 
monly a neutrophilic leukocytosis is accompanied by a lymphopenia. How much 
each of these mechanisms is responsible cannot be stated on the basis of our data. 
If our calculations are correct one would expect a diminution in the lymphocytes 
of approximately 50 per cent, if the thoracic duct lymph was the sole source of 
lymphocytes during a period of six hours of cannnlation of the thoracic duct. 
The real test of the effect of cannulation of the thoracic duct would be to con- 
tinue the cannulation for much longer periods of time. Such experiments have 
not been canied out. 

The differences in the lymphocyte output in the irradiated and agranulocytic 
animals are rather striking. While the number of animals used is not great we 
suspect that these differences are real. It seems to us that the higher figures 
in agranulocytic animals in the face of distinctly lower total white blood cell 
counts are significant. We have no entirely satisfactory explanation but would 
like to raise the question as to whether the answer is not to be found in pathologi- 
cal changes in the lymph nodes of the irradiated animals. The changes in 
the irradiated animals were, no doubt, more marked than those in the agranu- 
locytic animals. We did not make any detailed observations in this connection 
but we know from studies of the pathological changes in agranulocytic animals 
(Lawrence et al., 13) that the changes in the lymph nodes are not so great as in 
heavily irradiated tissues. 


SUIVIMAKY 

1. Observations were made on the cell content of thoracic duct lymph of 
twenty-one normal cats. The average lymphoc 3 rfce output was found to be 
35.5 X 10® lymphocytes per kilogram per hour — a, figure vrhich could account 
for the replacement of blood lymphocytes every ten to twelve hours. 

2. It was found that the diminution in the number of lymphocytes in the blood 
during thoracic duct cannulation for six hours was due, only in part, to loss of 
lymphocytes in lymph passing out in the fistula. 

3. The output of lymphocytes in the thoracic duct lymph was distinctly less 
in irradiated animals than in agranulocytic animals in spite of the fact that the 
average total white blood cell count was distinctly less in the agranulocytic cats. 

4. The average lymph flow was found to be 5.02 ce. per hour in normal cats. 
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6. Differential counts of thoracic duct lymph yielded the following results: 
eosinophiles 0.24 per cent, neutrophiles 1.12 per cent, lymphocytes 98.56 per 
cent, unclassified cells 0.12 per cent. A few red blood cells were present con- 
stantly. 
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The present study seeks to extend our knowledge of the vascular responses of 
the human nasal mucosa to thermal stimulation of the skin. In a classical 
series of papers published between 1919 and 1921, Mudd, Grant and Goldman 
(1, 2, 3) believed that their researches dispensed with the notion that chilling of 
the body surface causes nasal turgescence. We shall show that such nasal 
turgescence may, and frequently does, occur. We were further interested in 
following up the work of Spiesman (4) and Spiesman and Arnold (5) who claimed 
that the nasal responses in common cold resistant subjects were dffierent from 
those in hypersensitive subjects. Such an observation, if confirmed, clearly 
points a way to further research into the physiological factors predisposing to 
the common cold and other respiratory disturbances. 

Methods. 1. Temperature measurements of the skin and of the mucosa 
of the anterior portion of the inferior turbinate were made with constantan-copper 
thermocouples which consisted of two strands of no. 26 wire soldered with a 
small silyer bead. The diameter of the bead was about 1 mm., and the remainder 
of the unit about 2 mm. The thermocouple was held in place on the turbinate 
by means of a device recommended by Hertzman and Dillon (6); this consisted 
of a system of rods and universal joints which in turn were attached to a plaster 
of Paris cast of the cranium. A potentiometric method of measuring the. 
temperature was used and was accurate to about 0.2®C. 

2. Measurements of changes in the volume of the nasal space were made 
with a rubber balloon in the deflated state 4.8 cm. long and 1.8 cm. in maximum 
diameter. Measurements on sagittal sections of human heads show that the 
tip of the balloon must have extended to about the level of the posterior half 
of the middle turbinate. After insertion of the balloon it was inflated and 
deflated a number of times with an internal pressure of 20 mm. mercury, in 
order to remove any possible folding-over, and the actual recording of changes 
in volume made with a very small residual positive pressure in the balloon. 
The balloon was connected with a standard pleth 3 rsmograph system, the oscilla- 
tions of a rubber membrane being optically recorded. The changes in nasal 
volume mentioned in this paper are given in arbitrary units referred to an initial 
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base line. Such a plethysmographic system is very sensitive, showing not 
only gross changes in volume of the nasal cavity, but also the arterial volume 
pulse. 

3. During the experiments in which nasal temperatures and volume changes 
were being simultaneously recorded, the subject breathed through the mouth. 
This was made necessar}’’ due to the complete blocking of one nostril by the 
balloon, and the partial blocking of the other nostril by the thermocouple. This 
had the advantage, however, of materially reducing respiratory effects, which 
always must be considered. At this point, we may say that in the course of 
our experiments we have satisfied ourselves that respiratory changes cannot 
account for the phenomena to be described. 

4. With a view to determining whether or not there is a relation between 
digital blood flow and physiological changes in the nasal mucosa, a large number 
of experiments with the standard venous occlusion finger plethysmograph, also 
optically recorded, w^as performed. Our efforts in this direction were in the 
main unsuccessful. We are unimpressed with this apparatus as a really quanti- 
tative instrument. It will reveal gross changes in finger blood flow, but in our 
experience is almost useless for follow’ing changes of a more refined sort. Not 
only do the apparent changes in flow' from moment to moment, due to many 
and frequently obscure causes, complicate the interpretation, but even the 
correct method of determining the initial slope of the volume-time curve at 
high rates of flow' is open to question. In spite of much pondering over the 
matter w^e are unable to find the theoretical justification for Burton's (7) method 
of determining the slope line at high rates of flow^ 

5. The experimental studies W'ere made in a room in which the temperature 
could be controlled over a range of about 20°C (9°“29°C) . The relative humidity 
varied from about 7 0 per cent at the low'er temperatures to about 80 per cent 
at the higher temperatures. 

6. One hundred and forty-five experiments Avere performed on 37 subjects. 
About one-third of the subjects Avere medical students, about one-fourth Avere 
clinic patients, and the remainder AA'ere staff members of the medical school 
departments. The subjects Avere classified as follows: a, common cold resistant 
(averaging less than one cold per year), 2 subjects; b, moderately susceptible to 
colds (averaging 2 to 3 colds per year), 15 subjects; c, very susceptible to colds 
(averaging 4 or more colds per year), 7 subjects; d, sufferers from allergic rhinitis, 
8 subjects, and c, miscellaneous, including one subject Avith a mild Raynaud 
syndrome, one with a severe allergic gastroenteritis, tAvo Avith a physical allergy 
to cold and one A\ith an atopic dermatitis, 5 subjects. 

Results.- A. Effects of local chilling and warming. Figure 1 shoA^^s char- 
acteristic effects of hot (45°-50‘^C.) and cold (13M5'^C.) stimulation of a local 
area of the body upon the temperatures of the nasal mucosa and finger. The 
room temperature AA'as 20°C. The noteAA'orthy changes in the nasal temperature 
were: 1, a pronounced drop upon application of the cold stimulus; 2, incomplete 
recovery while the stimulus AA'as still being applied; 3, a drop upon removing the 
cold stimulus; 4, a drop upon application of the hot stimulus; 5, recovery to a 
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point beyond the original level while the hot stimulus was still being applied; 
6, a drop upon removal of the hot stimulus. 

It will be seen that there is a fairly close correspondence between the nasal 
and finger temperatures. The sudden drops occurring i\ith each change of 
stimulation may be readily explained on the basis of primary vasoconstrictor 
reflexes. The secondary changes, in the case of the cold stimulus, exemplify 
adaptation, while in the case of the hot stimulus suggest gradual vasodilatation. 

The results described above are typical, but not invariable. Thus, adaptation 
to the cold stimulus does not always occur, nor is vasodilatation due to the hot 


I 




Fig. 1 . Showing the typical effects of local chilling and warming upon the nasal and finger 
temperatures. See text for further discussion. 

Fig. 2. The effect of amyl nitrite, inhaled orally, upon nasal temperature and nasal voK 
ume. The subject had been exposed to a cold environment prior to the administration of 
the drug. 

Fig. 3. Showing the gradual decrease in nasal volume (i.e., swelling of the nasal mucosa) 
during prolonged chilling of the body. See text for further discussion. 


stimulus always found. However, in only one subject of our entire series has 
any important deviation from the general rule been observed. We shall come 
back to this point later. 

B. The effect of driigs upon the nasal temperature and volume, Jackson (8), 
in a beautiful series of experiments on do^ studied the effects of various phar- 
macological agents on the nasal volume. In order to test the adequacy of our 
experimental technique, and in order to facilitate the interpretation of our 
results, we have compared the effects of amyl nitrite and epinephrine on the 
nasal volume (and nasal temperature) of our subjects with the effects described 
by Jackson. Figure 2 shows the effect of oral inhalation of amyl nitrite. In 
this experiment the body of the subject had been exposed to a cold environment 
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<12.5*^00 for about 27 minutes before administration of the drug. The result 
for the nasal volume is in agreement with that of Jackson. (Jackson used 
sodium nitrite.) Such a result, involving elevated temperature of the mucosa 
and dinoinished volume (i.e,, swelling of the mucosa) of the nasal chamber, we 
shall designate hyperemia. 

The action of epinephrine (0.75 cc. of 1:1000 injected subcutaneously) is the 
opposite of that of amyl nitrite, involving a pronounced drop in nasal temperature 
and increase in volume (i.e., shrinkage of the mucosa) of the nasal chamber. 
This result is again in accord vdth Jackson’s findings for the effect of epinephrine 
on the nasal volume. Such a result we shall designate ischemia. 

The after-effects of amyl nitrite and epinephrine are worthy of mention. 
With the first, a reactive shrinkage of the nasal mucosa occurs; with the second, 
a reactive swelling. 

C. The effect of thermal stimulation upon the nasal temperature and volume. 
The most common type of response of the nasal mucosa to general cutaneous 
chilling is shown in figure 3. The body of the subject was exposed for 24 minutes 
to an environment at 12°C. Following a sudden initial drop in nasal temperature 
and increase in nasal volume (ischemia), there occurred a gradual decrease in 
the nasal volume while the temperature of the mucosa was still dropping. This 
type of response "we shall designate turgescence, without attempting to specify 
whether the decrease in volume is upon the basis of vascular stasis, edema or a 
combination of the two. Our method cannot distinguish between these 
possibilities. 

Unlike the results of local chilling, the finger temperature in such an experi- 
ment continues to drop, characteristically approaching room temperature as 
an asymptote. 

Occasionally we have observed a most interesting type of response when the 
body of the subject was warmed after prolonged exposure to a cold environment. 
This response involves a rise in nasal temperature, accompanied by an increase 
in nasal volume. This type of response we shall designate release of furgescence. 

In order to discover whether or not there is a physiological basis for the belief 
expressed by some otorhinolaryngologists that a cold draft on a warm subject 
breathing warm air causes a shift of blood to the nose, resulting in “congestion,” 
we studied the effects of a cold foot bath (13®C.) upon subjects exposed to a 
high room temperature (29°C.). Following a pronounced drop in nasal tempera- 
ture, associated with a pronounced increase in nasal volume (similar to the 
effects of epinephrine), there occurred a very rapid recovery, to a point far 
beyond the initial levels, while the stimulus was still being applied. Our experi- 
ments therefore support the opinion of the otorhinolaryngologists. In this 
case we would prefer to use the term “hyperemia” rather than “congestion.” 

Discussion. I. The four possible combinations of changes in temperature 
and volume noted in the nose, namely: 1, rise in temperature and swelling of 
the mucosa (hj^’peremia) ; 2, drop in temperature and shrinkage of mucosa 
(ischemia) ; 3, drop in temperature and swelling of mucosa (turgescence) ; 4, rise 
in temperature and shrinkage of mucosa (release of turgescence), may be easily 
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duplicated experimentally in other parts of the body. Types 1 and 2 above 
scarcely need further comment. Type 3 response may be duplicated in the 
finger tip, for example, by obstructing the venous outflow, and type 4 by then 
releasing the obstruction. 

It is not surprising, considering the knoivm erectile structure of the nasal 
mucosa (especially that of the inferior turbinate), that responses like those of 
types 3 and 4 should be observed. One cannot, simply on the basis of a drop 
in temperature, conclude that the mucosa may not at the same time be in a 
turgid state, nor does blanching of the mucosa necessarily mean shrinkage^ since 
there may still remain a turgescence due to edema, as was shown man}’ years 
ago by Hill and Muecke (9). It was on the basis of these criteria (drop in 
temperature and blanching) that Mudd et al. (ibid.) believed that they had 
invalidated the notion that chilling may cause turgescence of the nasal mucosa. 

II. With local cutaneous chilling, our results for the nasal temperature re- 
sponses of normal subjects are in substantial agreement with those of Spiesman, 
and Spiesman and Arnold (ibid.). We have rarely seen the type of response 
described by Spiesman after local warming of normal subjects. Spiesman 
claimed that the nasal temperature, after rising, tended to drop toward the 
original level within a period of about 10 minutes, while we have found that 
the nasal temperature nearly always remains elevated so long as the hot stimulus 
is being applied. (See fig. 1 for a typical example.) In the case of general 
cutaneous chilling and warming, Spiesman’s results are in gross variance with 
ours, since we have found that the nasal temperature tends, permanently to 
fall or rise, respectively, so long as the stimulus is being applied. 

Contrary to the findings of Spiesman and Arnold, we have been unable to 
find any systematic differences between normal and hypersensitive subjects 
as regards changes m nasal temperature in response to cold and hot stimuli. 
In three experiments on one of our allergic subjects we did observe a rise in 
nasal temperature in response to local cold stimulation, and in one experiment 
a drop in nasal temperature m response to a local hot stimulus. This particular 
patient, however, was of such an apprehensive and emotional temperament 
that we hesitate to specifically ascribe the results to the allergic state. In a 
personal communication to us, Spiesman said, ^^The ahergic patient is not 
constantly hj^ersensitive. There are hours in each day and there are often 
many days during which a hypersensitive person will react as the normal. It 
is only during the hypersensitive phase that he provides the abnormal response 
to a cold stimulus. Frequent examinations disclose this fact and are therefore 
necessary.’^ We are not in a position either to aflSirm or deny this statement. 

The nasal temperatures recorded by Spiesman and Arnold appear to have 
averaged much higher than ours, which initially nearly always lay between 
31° and 35°C, at ordinary room temperature. Our figures agree well with the 
findings of Mudd et al. (ibid.). We suggest that a possible, and perhaps impor- 
tant, source of error in the experiments of Spiesman and Arnold lay in the size 
of their thermocouple, which was about 4 mm. in diameter. Particularly in 
the case of turgescence, spuriously high temperatures might have been recorded. 
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SVMMAIiY 

1. Nasal temperature and volume changes in response to cutaneous chilling 
and warming have been studied in a series of normal, common -cold susceptible 
and hypersensitive human subjects. 

2. There is a rough parallelism between changes in nas^l and finger 
temperatures. 

3. Local chilling characteristically results in a drop of nasal teihperature, 
with substantial return toward the initial level within a few minutes. Local 
warming, after a transitory reflex drop, is generally followed by a permanently 
elevated nasal temperature so long as the stimulus is being applied. No sys- 
tematic differences between normal and hypersensitive subjects have been 
observed. 

4. Local chilling of a subject exposed to a high environmental temperature 
results in a pronounced nasal hyperemia. 

5. With general cutaneous chilling and warming, four types of nasal response 
have been observed, designated hyperemia, ischemia, turgescence and release 
of turgescence. These responses, involving changes in both temperature and 
volume of the nasal mucosa, are readily duplicated elsewhere in the body. 
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The neurohypophysis receives a generous nerve supply from the hypothalamus 
and there is considerable evidence that this nervous pathway is the efferent limb 
of a reflex arc which can be activated by stimulation of somatic afferents. For 
example, painful cutaneous stimulation will inhibit a water diuresis in the dog 
by releasing pituitrin from the posterior lobe of the hypophysis (10, 1 1), Hate- 
rius (5) has also shown that mechanical stimulation of the lumbar vertebrae of 
the rabbit will interrupt the normal course of a water diuresis and that the 
response is abolished by transecting the hypothalamico-hypophysial tract. 
There is additional evidence that changes in the composition of plasma will modify 
the release of pituitrin. The injection of hypertonic NaCl solutions (1, 3, 8) 
or dehydration by restriction of fluid intake (1, 2, 6,8) increases the rate of pitui- 
trin liberation, in some cases as much as a hundred fold. The mechanism 
through which dehydration or hypertonic salt solutions act to release the anti- 
diure,tic hormone from the neurohypophysis has not been identified. As a pre- 
liminary to that investigation, the present report deals with changes in the plasma 
which are consistently associated with changes in rate at which pituitrin is dis- 
charged into the blood stream. 

During dehydration or during the infusion of hypertonic NaCl solutions the 
total osmotic pressure and the chloride and sodium content of the plasma are all 
elevated. It is not clear which of these is the effective stimulus for the release 
of pituitrin. In the present experiments, by injecting solutions of Na 2 S 04 , urea 
and NaCl, we have been able to vary the three factors independently. 

It was difficult to formulate an expression generally applicable to the renal 
responses to these different solutions which indicated the quantity of pituitrin 
acting upon the kidneys. In earlier experiments in which NaCl was injected, 
the release of pituitrin w^as evidenced by changes in the ratio of chloride concen- 
trations of the tubular reabsorbate and of plasma, the chloride R/P. This ratio 
is without significance, so far as the action of pituitrin is concerned when solu- 
tions of Na2S04 or urea are injected. We therefore resorted to other procedures 
for determining whether the release of pituitrin w^as increased or decreased by the 
injection of a given solution. 

The most satisfactoiy of these is that of adequate replacement therapy. There 
is a marked difference between the responses of normal and chronically pobuiric 
dogs to the infusion of hypertonic salt solutions and this difference can be dimin- 
ished or almost eradicated by adding graded doses of pituitrin to the fluid infused 
into the polyuric dog (3). This method is therefore not only qualitative; i.e., 
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it indicates a change in the rate of pituitrin secretion into the recipient's blood, 
but it is also reasonably quantitative. It is assumed that the amount of pituitrin 
required to convert the response of the polyuric dog to normal is the quantity 
secreted by the normal dog in response to the infusion. Since this amount has, 
in a few experiments, exceeded 1500 miUiunits it was anticipated that an anti- 
diuretic assay of the normal dog^s blood collected before and after the infusion 
would reveal a measurable increase in circulating pituitrin. Even though 
the assay method will reveal the presence of 1.0 milliunit per 100 cc. of blood (4), 
the blood assays have been consistently negative. 

The third procedure, the antidiuretic assay of urine collected before and 
after the infusion, was successful in a large majority of cases. 

The fourth was, in principle, a modification of the second. The blood was 
assayed, not by its antidiuretic effect when transferred into a dog with diabetes 
insipidus, but by its action on the kidneys of the dog receiving the injection. 
This was accomplished by making the injection during a sustained water diuresis 
in a normal dog. A temporary depression in the water diuresis was considered 
evidence of the release of pituitrin. This technique has been used by Hickey 
and Hare (7) as the basis of a diagnostic test for differentiating diabetes insipidus 
due to neurohypophysial damage from the polyuria caused by excessive water 
drinking. In performance, it is the simplest of the procedures. 

Not all of these tests were used in evaluating each solution as a stimulant to 
pituitrin secretion. When a decisive answer was obtained by two of the methods, 
it was usually accepted as final. In a few instances, when the results were 
equivocal, all four procedures were employed. 

Procedures. In earlier publications we have given the details of the collec- 
tion and analyses of plasma and urine (3) and the technique of antidiuretic assay 
of blood and urine (4) . Osmotic pressures were not determined directly but were 
calculated from chemical analyses of plasma and urine. These analyses always 
included Cl, Na and urea. 

All observations were made on female dogs trained to lie quietly without 
restraint and accustomed to catheterization and venipuncture. All infusions 
were given at the rate of 10 cc. per minute for 45 minutes. 

Results. Replacement therapy. All the solutions, when infused into normal 
dogs, caused a profuse diuresis. When hypotonic solutions were used, the 
diuresis, readily suppressed by the addition of small doses of pituitrin (5-25 
mu./hr.) to the infusion (fig. 1), was attributed to a diminution in the normal 
rate of pituitrin secretion. When hypertonic solutions were infused, the addition 
of 25-'250 mu./hr. did not affect the rate of urine flow (fig. 1). 

The infusion of 2.5 per cent NaCI solution produced a much greater diuresis 
in a dog with diabetes insipidus than in a normal dog of the same weight (compare 
bottom and top curves of fig. 2). The response of the polyuric dog was pro- 
gressively altered toward the normal by the addition of pituitrin in amounts that 
provided infusion rates of 60, 180 and 720 mu./hr., but even the largest dose was 
far short of complete replacement. 
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A similar experiment with 3.9 per cent NaaSOj (fig. 2) shows that far more than 
300 mu./hr. is required to restore the response to normal. 

A 6.3 per cent urea solution produced a marked increase in urine flow in the 
normal dog, but the addition of pituitrin caused such an antidiuresis that it is 
appai-ent that this concentration of urea did not elicit the release of a supra- 
maximal amount of pituitrin (fig. 3). The concentration was increased three- 
fold and the experiment repeated (fig. 3). While the urine flow was increased 
further, the addition of pituitrin was without effect. The infiision of the 18.9 



Fig. 1. A comparison of the effects of pituitrin on the diuresis caused by the infusion of 
hypotonic (left) and hypertonic (right) solutions into the same normal dog. The vertical 
lines indicate the period of infusion. 

per cent urea solution into a dog with diabetes insipidus forced the creatioine 
U/P below 3.0. The dose of pituitrin added (250 mu./hr.) was not adequate to 
erase the difference between the responses of the polyuric and normal dog 
(fig. 3). 

The use of creatinine U/P ratios as the index of pituitrin activity has imposed 
a stringent requirement upon the data on replacement therapy. Since the rate 
of urine flow is greatly dependent upon the excretion rate of the mjected solute, 
comparisons can be made of only those experiments in which these rates are 
practically identical. The infusion, at a constant rate, of the same volume of the 
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same solution into the same dog on different occasions vill, in most cases, 
produce almost identical excretion curves (3). But when different dogs receive 
the same infusion, the excretion rates differ, in some cases, by as much as 50 per 
cent and this difference is reflected in the creatinine U/P. We were, therefore, 
forced to select only those experiments in which the two dogs, one normal and 
the other polyuric, had the same rate of glomerular filtration and excreted the 
injected solute at the same rate. 

Antidiuretic assay of blood. In this assay, 40 to 50 cc, of blood is transfused, 
before and after the 45-minute infusion, from the normal into a polyuric dog. 



Fig. 2. Effects of replacement therapy with pituitrin in a dog without a neurohypophysis. 
On the left are the responses to 2.5 per cent NaCl; on the right, to 3.9 per cent Na 2 S 04 . 
The milliunits of pituitrin per hour are indicated by the numbers at the ends of the arrows. 
The response of a normal dog is included for comparison. 

An increase in the creatinine U/P of the recipient dog is evidence of pituitrin 
activity and by this method concentrations as low as 1.0 mu./lOO cc. of blood 
can be detected. The information obtained through replacement therapy indi- 
cates the release of more than 720 mu. of pituitrin per hour in response to the 
intravenous infusion of 450 cc. of 2.5 per cent NaCl into a normal dog weighing 15 
kgm. If as much as 10 per cent of the body weight was blood, this amount of 
pituitrin should add, during the course of the infusion, about 40 mu. to each 100 
cc. of blood. While blood rapidly inactivates pituitrin, the survival of 3 per cent 
of the active hormone would leave the concentration within the range of the 
assay method. The only assay suggesting a positive result is that shovm in 
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figure 4, and the increase in the creatinine U/P is too small to be significant. All 
other blood assays have been clearly negative. 

Antidiuretic assay of urine, . A positive assay of urine is shown in figure 4. 
These assays are so well controlled that a positive result is highly significant. In 
the first place the responsiveness of the assay dog to a standard dose of pituitrin 
is checked before and after the urine injections. Secondly, the negative assay 
of the urine collected before the infusion excludes the possibility of the dog’s urine 



Fig. 3. The effect of pituitrin on urea diureses. The two top curves on the left (crosses 
and solid circles) show the response of the same normal dog to the infusion of 18.9 per cent 
urea with and without added pituitrin. The lowest curve (open circles) is the response of a 
dog with diabetes insipidus. The curve through the solid triangles shows the effect of add- 
ing pituitrin at the rate of 250 milliunits per hour. Both curves on the right are based on 
results from a normal dog. Since pituitrin inhibited the diuresis, it is concluded that the 
infusion of 6.3 per cent urea does not cause the release of a supramaximal dose of pituitrin. 

per se increasing the renal tubular reabsorption of water. The positive assay of 
the urine collected after the infusion can be attributed, therefore, to the renal 
excretion of an antidiuretic substance in response to the administration of hyper- 
tonic salt. Negative assays are not so significant, as the first urine injection may 
initiate, in the assay dog, a diuresis not susceptible to control by small doses of 
pituitrin. Positive assays of urine have been obtained following the infusion of 
2.5 and 3.0 per cent NaCl and of 3.9 per cent Na 2 S 04 . 
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InUhiiion of water diuresis. Normal dogs with a water diuresis respond to the 
injection of a few inilliunits of pituitrin by a temporary decrease in the rate of 
^urine flow. We have shown that the injection of hypertonic solutions will simi- 
larly depress a water diuresis in normal dogs, but augment urine secretion in a 
dog with experimental diabetes insipidus. As a rule, observations were made 
simultaneously on four dogs, two normal and two with diabetes insipidus. Five 
hundred cubic centimeters of vrater were given by stomach tube to each dog one 
hour before the observations were begun; 250 cc. were given at hourly intervals 
thereafter. Urines were collected through retention catheters at 5-10 minute 
intervals into graduated cylinders. Injections of 25 to 50 cc. of the solu- 
tion being studied were made intravenously after preliminary collections of 
2 or 3 urines to establish the rate of urine flow. One of these experiments is 
showm in figure 5. The difference between the urinary response of the normal 
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Fig, 4. Antidiuretic assays of blood and urine collected from a normal dog before and 
after an infusion of 2.5 per cent NaCl. The urine collected after the salt administration 
produced a strongly positive response, but the blood caused such slight elevation in the 
mine concentration that its antidiuretic content is questionable. Creatinine U/P is plotted 
on the ordinate. 

and the polyuric dogs reflecte the difference in the quantities of pituitrin in their 
circulation. The normal pituitary releases sufficient pituitrin to cause an anti- 
diuresis; the polyuric dog, with an atrophic neurohypophysis, cannot respond to 
the stimulus. These polyuric dogs served as controls for all injections and their 
diuretic responses eliminated the possibility that the antidiuresis of the normals 
was caused by any action other than the secretion of pituitrin. NaCl, in 5, 10 
and 12 per cent solutions, and urea in 12.5 and 25 per cent solutions have caused 
severe diuresis in the dogs with diabetes intipidus and antidiuresis in the normal 
dogs. 

"When it had been establidied by the preceding methods that concentrated 
solutions of NaCl, Na 2 S 04 and urea incre^ed the secretion of pituitrin and that 
dilute solutions had an inhibitory action, we reviewed the data in an attempt to 
find some aspect of renal activity which would reveal changes in pituitrin secre- 
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tion regardless of the solute injected. It was clear by this time that changes in 
the total osmotic pressure of the plasma, rather than changes in any specific 
ingredient, determine the response of the neurohypophysis. However, the 
osmotic U/P ratios which offer the great advantage that they can be calculated 
from direct determinations, do not indicate, even qualitatively, changes in the 
rate of pituitrin secretion. This is shown in figure 6 in the case of the urea infu- 
sions; both 6.3 and 18.9 per cent urea infusions caused a profound fall in the 
osmotic U/P. McCance and Young (9), who followed the osmotic changes in 
plasma and urine following restricted fluid intake and after the administration of 
hyperosmotic solutions of salt and urea, made the same observation. It is siir- 



Fig. 5. The urinary response of two normal and two polyuric dogs to the intravenous 
injection of 50 cc. of 12 per cent KaCl. Crosses and open circles represent dogs with experi- 
mental diabetes insipidus; the lower two lines, normal dogs. 

prising that a gravely dehydrated subject, on recehing a solution of high osmotic 
pressure will respond by excreting a less concentrated urine. However, the 
course of the osmotic R/P did signify changes in pituitrin secretion. The value 
of R, which can be derived only by calculation as the tubular reabsorbate is not 
accessible to examination, is obtained from the formula 

^ _ iP){GF) ^ UV 
^ QF - V 

where P = os-millimols /cc. in plasma 
U = os-millimols /cc, in urine 
V — urine flow in cc./min. 

GF = glomeriilar filtration in cc./min. 



^ = Chiorid« 
y * * Sodium 
o « Otmotic prtsftur* 


TIME IN MINUTES 



3.9% NOj^, 


A « Chlorido R/P 
X = Sodium R/P 

• = Osmotic R/P 
Q = Osmotic U/P-rlO 


Fig. 6. Changes in the character of the plasma (upper half), tubular reabsorbate and 
urine (lower half) induced by infusion of five different solutions into the same normal dog. 
The abscissa represents time in minutes; the ordinate, percentile change from the original 
value. The percentile change in the osmotic U/P is reduced to one-tenth for accommoda- 
tion to this scale. The vertical lines enclose the periods of infusion. 

3 
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When an infusion lowered the osmotic pressure of the plasma, the osmotic R/P 
was elevated above its normal value of one; when the plasma osmotic pressure 
was elevated the osmotic R/P w'as lowered. As might be expected, the osmotic 
pressure of the infusion fluid provided little basis for predicting the change which 
would be caused in the plasma. The distribution vithin the body fluids and the 
rate of excretion determined to a large extent the change produced in the plasma. 
While 3.0 per cent NaCl is practically isosmotic with 6.3 per cent urea, the former 
causes a rise and the latter a slight fall in the osmotic pressure of the plasma when 
infused intravenously under the conditions of our experiments (fig. 6). It is 
surprisingly difficult to lower the plasma osmotic pressure by infusing hypotonic 
solutions. A copious flow’ of extremely dilute urine results in the retention of 
practically all the solute and little of the w’ater injected. The plasma chloride 
has actually increased during the infusion of a salt solution with a chloride 
concentration low’er than that of the plasma. On the other hand, the osmotic 
pressure of the plasma can be greatly increased by the administration of more 
concentrated solutions. 

Three relationships betw’een plasma and tubular reabsorbate w'ere calculated; 
the chloride R/P, sodium R/P and osmotic R/P. The last of these is the only 
one invariably related to changes in pituitrin secretion. Reference to figure 6 
reveals that infusions which reduced the osmotic pressure of the plasma caused 
an increase in the osmotic R/P. The diuresis in these cases (0.5 per cent NaCl 
and 6.3 per cent urea) W’as suppressed by pituitrin (figs. 1 and 2). Three per cent 
NaCl, 3.9 per cent Na 2 S 04 and 18.9 per cent urea solutions all elevated the os- 
motic pressure of the plasma, lowered the osmotic R/P and caused a diuresis 
completely refractory to pituitrin. 

Discussion. In an earlier paper w'e proposed the chloride R/P as an index 
of the quantity of pituitrin released into the circulation in response to the injec- 
tion of NaCl solutions. While this conclusion is still valid in the light of these 
more extensive experiments, it is also obvious that the chloride R/P is limited 
in its applicability to experiments where only NaCl infusions are involved. 
When other solutes are used it is apparent (fig. G) that the osmotic R/P is the 
significant ratio. When the experiments are compared on this basis, it is clear 
that the osmotic R/P reflects the stimulation or inhibition of the neurohypophy- 
sis. 


CONCLUSIONS 

The intravenous administration of solutions which elevate the osmotic pressure 
of the plasma cause an increase in the secretion of pituitrin. The renal tubules 
respond to this increased amount of pituitrin in the circulation by reabsorbing 
from the glomerular filtrate a solution with an osmotic pressure less than that of 
the plasma. Solutions which low’er the osmotic pressure of the plasma produce 
the opposite effect in that they inhibit the release of pituitrin. This allow^s the 
renal tubules to return to the blood a h 3 q)ertonic solution. 
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It has been known for some time that certain phenols are excreted in urine 
both as free compounds and conjugated with sulfuric acid. Richter (1) has 
described a method by means of which he was able to determine that epinephrine, 
“Epinine” and “Cobefrin” were conjugated in the body and appeared in the 
urine in rather large amounts in this inactive form. He concluded logically 
that conjugation of these compounds with sulfuric acid took place through one 
of the hydroxyl groups on the phenyl nucleus. 

It appeared desirable to repeat and extend this past work for a number of 
reasons. As a principal form of inactivation of these compounds this reaction 
is not particularly consistent with the general riews on the subject. It seemed 
best to use Richter’s general method to determine qualitatively for ourselves 
whether conjugation and excretion of epinephrine actually occurred. However, 
the methods reported appeared likely to give but a rough approximation of the 
amount of these chemicals excreted. Consequently, we have adapted the test 
to photocolorimetric methods for a more accurate quantitation of our results. 
Also, we have presented additional experiments which support the evidence for 
this mode of inactivation. 

The purpose of this research, then, has been to determine the significance of 
conjugation as a mode of elimination of epinephrine and related ortho-dihy- 
dric compounds from the body. 

Expeeimbntal. Isolation and quantitation. Our method for the isolation 
from urine and color formation of the epinephrine derivatives was fundamentally 
that presented by Richter, except for differences necessitated by our procedure 
for estimating the concentration of the colored end product. Our method was 
as follows: 

The preparation of urine for hydrolysis differed vlth the type of experiment 
performed. This will be explained with the description of the different experi- 
ments. Forty cubic centimeters of the prepared urine were refluxed \vith 3 cc. 
of concentrated sulfuric acid for one-half hour on a boiling water bath. To 
duplicate 15 cc. aliquots of the colored hydrolyzed urine were added 0.5 ce. of 
1.5 per cent glycine solution, 0.2 cc. of saturated sodium acetate solution and 
sufludent thymol blue to color the urine distinctly. This urine was adjusted 
rapidly to pH 5.0, using a Gilson photoelectric pH apparatus, and immediately 

^ Present address: The Department of Pharmacology, Medical Research Division, 
Sharp and Dohme, Inc., Glenolden, Pa. 
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filtered into 50 cc. centrifuge tubes. For accurate determinations the pH of 
the solution should not be allowed to exceed 6 at this point; since readjustment 
with acetic acid does not give very satisfactory results. The material on the 
filter was washed with about 10 cc. of water. Tw’o cubic centimeters of an 
aluminum hydroxide suspension^ W’ere added to each tube and the contents 
brought to a pale grey color by the drop-by-drop addition of 10 per cent sodium 
hydroxide solution. Excessive addition of base was avoided. The suspension 
'was shaken for 5 minutes, centrifuged and the supernatant liquor poured off. 
The centrifugate w^as resuspended by adding to it 1 cc. of 25 per cent sodium 
dihydrogen phosphate solution and 6 cc. of w^ater. After the resuspended 
material had stood for 5 minutes it w^as centrifuged again. The supernatant 
solution w^as then poured into an Evelyn photoelectric colorimeter tube contain- 
ing 0.4 cc. of 5 molar sodium acetate buffer solution, pH 5.2, and then 0,5 cc. 
of a 0.1 N solution of iodine in 5 per cent potassium iodide was added. After 
5 minutes 0.5 cc. of 0,1 N sodium thiosulfate solution was added rapidly, the 
tube shaken to mix, and the reading of the maximal galvanometer deflection 
recorded immediately. The galvanometer center setting should be determined 
previously, using the reagents and water for the blank, a 520 mjLt filter and a 6 
aperture. 

The concentration of a given compound w^hose color intensity had been deter- 
mined in terms of its galvanometer deflection wras read from a curve previously 
established by plotting the color intensity of serial dilutions against the corre- 
sponding galvanometer deflection and correcting for urine volume and dilution. 

Certain points of difficulty in using this procedure must be recognized and 
guarded against. One must be careful to conform to the procedure; else inter- 
fering substances which are orange in color come through to mar the results. 
The greatest difficulty is that the colors fade rather rapidly in some instances 
so that readings must be taken within 30 seconds of the beginning of sodium 
thiosulfate addition to the solution in the tube. It has been our practice tore- 
cord the maximal galvanometer deflection (allowing of course for the fling of the 
galvanometer). 

The recoveries of known amounts of the amines added to urine were deter- 
mined in order to test the accuracy of the procedure. Duplicate 15 cc. aliquots 
of these preparations w^ere taken through the procedure unhydrolyzed, and the 
concentration of the amine in the final step measured. Forty cubic centimeters 
of each of these preparations Avere hydrolyzed as described and 15 cc. aliquots 
(plus a correction for the volume of sulfuric acid added) of the hydrolyzed urine 
were taken through the same analytical scheme. The results of one set of these 
experiments are recorded in table 1. From table 1 it may be concluded that the 
recovery of these amines from urine w^as satisfactory, considering the character 
of the procedure and the magnitude of the concentrations of the compounds. 

Mode of excretion of epinephrine, '‘Epinine” and ^'Cobefrin^\ The dose for 

2 Dissolve 50 grams of potassium alum in 400 cc. of hot w^ater, cool to room temperature 
and stir in rapidly 10 grams of sodium hydroxide previously dissolved in 40 cc. of water. 
Filter, wash with w'ater and resuspend the aluminum hydroxide in 200 cc. of water. 
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oral administration of all the compounds was 30 mgm. of the hydrochloride, 
except for epinephrine which was used as the base. This was given together 
with 200 mgm. of glycine and 1 cc. of 5 per cent acetic acid dissolved in 50 cc, 
of water just before it was consumed. This was washed down with 100 cc. of 
water. 

Just before taking the drug the bladder was emptied — ^by catheterization in 
the case of the dogs. For the qualitative determination of excretion of these 
compounds, urine was collected for only 4 to 6 hours following ingestion of the 
compound, and 15 cc. aliquots were tested for free and combined epineph- 
rine, etc. 

It was found that within the limits of this test none of the compounds was 
excreted as such. It was also determined that in eveiy instance ‘'^Epinine^^ 
epinephrine and ^^Cobefrin’’ were excreted in a combined form which could 
be hydrolyzed. 

The time of onset and maximal excretion of each of these compounds v’ere deter- 
mined by collecting urine specimens at 2-hoiir intervals after a 30 mgm. dose of 
any one of the compounds was taken orally. In the case of the dogs this neces- 

TABLE 1 


Recovery of epinephrine, ‘^Epinine^^ and ^‘Cohefri)d’ added to urine and the effect of acid 
hydrolysis of the mine on the recovery 


COBIPOtJND 

AMOUNT ADDED TO 15 CC. 

OF URINE 

AMOUNT RECOVERED FROM 
UNHYDRODYSED URINE 

AMOUNT RECOVTRED FROM 
HYDROLYSED URINE 

Epinephrine 

^^Cobefrin’^ 

mgm 

0.02-0.02 

0,02-0.02 

0.02-0.02 

mgm. 

' 0.015-0.015 

0,02 -0.0195 
0.023-0.023 

mgm. 

! 0.020 -0.025 

1 0.0195-0.0195 

0.025 -0.026 

^‘Epinine’’ 



sitated catheterization at the beginning of an experiment to remove the residual 
urine and again every 2 hours for 4 periods (a total of 8 hr.) thereafter. In a 
few instances this was carried on for 12 hours. Twice during the 8 hours the dogs 
were given about 200 cc. of water by stomach tube to insure an adequate urine 
flow. The volumes for both the human and dog urines for the 2-hour periods 
were recorded and made up to 100 cc. for the period unless the recorded volume 
exceeded that figure. 

Table 2 summarizes the results of these experiments. It may be seen that in 
every instance these compounds appeared in the urine in considerable quantities 
within 2 hours following their ingestion. Maximal excretion of the amines 
occurred within the first 4 hours following the time they were taken. 

The total ^4 ^our excretion of *^Cobefrin^^ and ^^Epinine^^ by man is given in 
table 3. Surprisingly, on the average more ^^Epinine” than ^'Cobefrin” was 
excreted over this period. It was also of interest that such very great recoveries 
of the compounds from hydrolyzed urine were possible (83.7 per cent for “Epinine’' 
and 70.4 per cent for “Cobefrin^’, average). 

These data (tables 2 and 3) seem to indicate that most of a given dose of any 
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of these compounds administered orally was excreted by the kidneys in a conju- 
gated form. 

The route of administration of the compounds was considered as possibly influenc- 
ing our results. The compounds were administered at different times either 
orally or subcutaneously to dogs. The toxic reactions to 20 or 30 mgm. of either 
epinephrine or “Cobefrin” were so severe when administered subcutaneously 
that the results appeared to be influenced appreciably thereby. 

TABLE 2 


The progressive eight hour recovery from acid-hydrolysed urine of a conjugated form of 
^*Cohefrin^\ ^*Epinine^* and epinephrine when these compounds were administered orally 
together with glycine and acetic acid to dogs and humans 


SUBJECT 

DOSE 

UKINARY RECOVERY IN MOM. 

PERCENTAGE 
RECOVERED IN 

2 hr. 

! 4 hr. 

6 hr. 

8 hr. 

8 HR. 

“Cobefrin” hydrochloride 


1 mgm. 



] 



Dogs 

A 

o 

CO 

3.09 i 

5.35 

0.53 

0.40 

31.2 

B 

30 

1.60 

1.83 

0.58 

0.33 

14.4 


^^Epinine’* hydrochloride 


A 

30.5 

10.50 

9.97 

2.46 

0.99 ! 

78.5 

B 

30.5 

7.25 

5.32 

1.67 

0.73 1 

49.2 

Epinephrine base 


25 

2.53 

0.93 

0.33 

0,10 

15.9 

B 

1 

25 

1.96 

2.80 j 

0.60 

. 0.23 

22.3 

“Cobefrin” hydrochloride 

Humans 







TL 

30 

1.15 

3.52 

2.01 

2.40 

30.4 

DB 

1 

30 

4.03 

2.03 

2.12 

2.05 

34.1 

“Epinine” hydrochloride 

JD 

30 

3.26 

9.32 

6.13 

4.57 

77.6 

BH 

30 

5.56 

5.98 : 

8.23 i 

3.54 

77.8 


Since the dogs were upset least by ^‘Epinine^^ these results were considered 
the most reliable and have been presented in table 4. Even here, as in the case of 
the other two compounds, there was less of the material excreted conjugated after 
parenteral administration than after oral administration. We hasten to 
acknowledge that the injection of 20 or 30 mgm. of any of these compounds 
could hardly be considered to similate any physiological state. The purpose of 
this experiment was to demonstrate, using comparable dosages, that conjugation 
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of these compounds was not dependent primarily on a single mode of administra- 
tion. 

The effect of liver aminase on epinephrine, ^^Epinine^^ and "^Cobefrin^\ Guinea- 
pig liver was homogenized with an equal weight-volume of distilled water. 

TABLE 3 


The total twenty four hour recovery from acid-hydrolysed urine of a conjugated form of 
'‘Epinine^* and ‘"Cohefrin” when 30 mgm. doses of the hydrochlorides together with glycine 
and acetic acid were administered orally to man 


SUBJECT 

l.RI.\E VOLUME 

AMOUNT RECOVERED 1 

1 PERCENTAGE RECOVERED 

' “Cobefrin” hydrochloride 


cc. 

i 

mum. 1 


L. S. 

1560 

20.1 : 

67.2 

H. S. 

835 

16.7 

55.6 

G. P. 

1100 

19.8 

67.1 

F. T. 

1530 

21 4 

71.5 

J. A. 

640 

j 20.5 ^ 

68.3 

“Epinine” hydrochloride 

A. S. 

1903 : 

27.9 

93.2 

C. 0. 

1030 1 

24.7 j 

82.3 

J. F. 

1670 1 

26.7 1 

89.2 

B. R. 

1550 1 

27.9 

93.2 

D. S. 

1030 

25.4 1 

84. S 

R. Q. 

1410 

17.9 1 

1 

59.7 


TABLE 4 


A comparison of the progressive recovery of a conjugated form of ^^Epinine^\from acid hydro 
lysed urine when the coynpound was administered orally or subcutaneously to dogs 


DOG 

DOSE 

URINARY RECOVERY IN MGM. 

PERCENT.AGE 
RECOVERY IN 

8 HR. 

2 hr. 

4 hr. 

6 hr. 

1 8 hr. 1 

“Epinine” hydrochloride administered orally 


msm. 



j 


1 


A 

30.5 


10.50 

9.97 

2.46 

: 0.99 

1 78.5 

B 

30.5 


7.25 

5.32 

1.67 

j 0.73 j 

49.2 


“Epinine” 

hydrochloride administered subcutaneously 


A 

30.0 1 


5 10 

1 3.32 

2.72 

1.06 i 

40.7 

B 

30.0 


3.32 

j ' 

I 6.12 

1 1 

1.03 j 

50.5 


Another volume of M/'8 sodium-potassium phosphate buffer, pH 7.3, was added, 
and the suspension strained through muslin. The Warburg apparatus was used. 
The temperature of the bath was 38.4°C. and the apparatus was adjusted to 
shake at a stroke of 4 cm. and at a rate of 100 per minute. Filter paper saturated 
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with 10 per cent potassium hydroxide solution was contained in the center wells. 
The experiments were set up as follows: 

1,7 cc. homogenized liver preparation (fresh) 

0.1 cc.Al/25NaCN (fresh) 

0.2 cc. M/16 substrate ^ 

2,0 cc. total volume 




Pig. 2 


Fig. 1. Illustrating the relationship between structure and the rate of oxidative deamina- 
tion of “Epinine” (top curve), epinephrine (middle curve) and ‘"Cobefrin” (bottom curve) 
by aminase. The compounds were equimolar and the results represent a single typical 
experiment. 

Fig. 2. Illustrating the pressor response in a 10.4 kgm. dog to the intravenous injection 
of 2.5 to 10.0 T of epinephrine and to 1.3 cc. of the final extraction material (Aj from hydro- 
lyzed urine obtained from a dog which had been given 30 mgm. of epinephrine plus glycine 
by stomach tube 6 hours previous to catheterization. 


The cyanide was necessary to prevent autoxidation of the substrates and also 
to eliminate respiration of cyanide-sensitive systems which might be influenced 
by the substrates. 

Figure 1 illustrates the results of one of these experiments. Epinephrine and 
‘‘Epinine'' were rapidly oxidized (deaminated) whereas “Cobefrin” was not 
deaminated by the cyanide-insensitive aminase of the liver. The oxygen uptakes 
accompanjdng '‘Epinine’^ and epinphrine deamination were slightly in excess 
of one atom of oxygen per molecule of substrate, probably due to some unavoid- 
able autoxidation of the catechol nucleus. The finding that ‘"Cobefrin” was 
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not deaminated is consistent with what has been reported previously — ^that the 
isopropylamine side chain is not deaminated in the presence of aminase (2, 3). 

The relation of molecular configuration of this group of compounds to their 
deamination by aminase has been studied in considerable detail (4). The im- 
portance of these observations vith respect to the present study is the fact that 
epinephrine and '^Epinine” as such are rapidly deaminated by aminase whereas 
‘^Cobefrin” is not. Yet all three of these compounds are almost entirely excreted 
in a conjugated form — “Epinine” to the greatest extent. 

The effect of phenolase on epinephrine, ^^Epmine^^ and ^^Cobefrin’^ was considered 
in detail in a recent report (5). The rapid rate of oxidation of these compounds 
in the presence of potato phenolase is that of a first order reaction in every 
instance. It is important to point out that a certain reservation is permissible 
in believing that a mono- or polyphenolase system exists in normal mammalian 
tissue capable of oxidizing such compounds as tyramine to 3,4-dihydroxyty- 
ramine or the latter compound to the corre^onding ortho-quinone in the course 
of melanin formation. Block (6) and a number of workers since have claimed 
to demonstrate the presence of such enzymes in mammalian tissues, especially 
the pigmented layer of the skin. The presence of such enzymes has been ques- 
tioned byBhagvat and Richter (7). However, two recent reports on the subject 
warrant consideration and substantiation. Cadden and Dill (8) reported the 
presence of a pol3q3henoloxidase in cell-free kidney extracts. This substance 
oxidized catechol and hydroquinone but not p-cresol, dihydroxyphenylalanine 
(dopa) or tyrosine, and so was judged by them not to be a tyrosinase but instead 
to be similar to a laccase (9). Hageboom and Adams (10) have reported the 
identification of a melanoma tyrosinase and dopa oxidase in preparations derived 
from a melanoma of mouse origin. Actually, the dopa oxidase very slowly 
oxidized epinephrine but both oxidases apparently had much more limited 
specificities than phenol oxidases from other sources. Final judgment of the 
physiological significance of this observation together with its transposition to 
normal tissues and other phenolic amines should await the further study that 
this finding deserves. 

Keilin and Mann (11) showed that reduced cytochrome C could oxidize epineph- 
rine in vitro. The in vivo significance of their observation is questionable. 
Hydroquinone, catechol and homogentistic acid, which also are oxidized readily 
by cytochrome in vitro, escape this oxidation in vivo and appear in the urine as 
such or in a conjugated form. 

The specificity of the test for these compounds must be established before arriving 
at a definite conclusion from this work. Richter and Blaschko (12) have drown 
that the color formation in this reaction is due to the formation of an iodoadreno- 
chrome and so is very specific for compounds having a catechol nucleus with an 
amino group in the beta position on the side chain. 

Even so, one can conceive of “Paredrine”® (p-hydroxy phenylisopropylamine) 

3 ^^Epinine” is the trade mark applied by The Burroughs Wellcome Co. to ^{3, 4-dihy- 
droxy phenyl) ethylmethylamine. 

^‘Cobefrin^’ is the trade mark applied by Winthrop and Co. to (3, 4-dihydroxy phenyl) 
hydroxyisopropylamine. 

“Paredrine’* is the trade mark applied by Smith, Kline and French Laboratories to 
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or tyramine (p-hydroxyphenjdethylamine) being excreted in part in this con- 
jugated form, especially if a phenolase is present in the body. We have shown 
that the first step in the oxidation of these compounds by phenolase (3), or the 
ascorbic acid — dehydroascorbic acid system (13) for that matter, is to the ortho- 
dihydric or catechol nucleus stage. Should this step occur in the mammalian 
body, the ingestion of 20 or 30 mgm. of either tyramine or 'Taredrine^' would 
enable one to observe much the same color as that observed with epinephrine 
when the test was applied to urine excreted in the following few hours if it were 
hydrolyzed and taken through this procedure. 

We have taken doses of 30 mgm. of ‘‘Paredrine’’ and tyramine hydrochlorides 
on different days and have collected urine for 6 hours following ingestion of a 
given drug. This urine was immediately hydi’olyzed and taken through the pro- 
cedure as usual. We have never obtained a trace of color which would indicate 
that oxidation of the mono- to the ortho-dihydric nucleus occurred in the body 
under these circumstances in sufficient quantities to be detectable by present 
methods. 

The biological characterization of the excretion 'product following the administra- 
tion of epinephrine or one of the related dihydroxy compounds has been done in 
the following manner. The compound, epinephrine in the experiment leading to 
figure 2, was administred to dogs in a dosage of 30 mgm. orally. The bladder 
previously was emptied by catheterization. About four hours after the dose was 
administered urine w^as collected and an aliquot was hydrolyzed and taken 
through the extraction procedure to the point of addition of the iodine solution. 
This solution then was injected intravenously into anesthetized dogs. The effect 
of the urine extract on the carotid arterial pressure was recorded by means of a 
mercury manometer. Figure 2 illustrates an almost typical epinephrine blood 
pressure response to the injection. 

Discussion. These experiments substantiate the conclusion that epinephrine, 
^^Epinine” and “Cobefrin” were conjugated in the body and excreted in this form. 
Let us re^dew existing e\ddence in support of this view. 

Epinephrine, “Cobefrin” and “Epinine” were excreted in a form which on 
hydrolysis yielded the original compounds as indicated by tests of pressor activity 
and by the test which is specific for those compounds having a catechol nucleus 
and an amino group on the carbon atom beta to the ring. 

Phenol and catechol are conjugated by sulfonation in the mammalian body and 
are excreted partially in this form. Because of the similar ring structures it 
might be reasoned that the compounds related to epinephrine should be inacti- 
vated similarly- The aliphatic hydroxyl group alpha to the ring might serve to 
impede but not to inhibit entirely this conjugation, as we have shown to be true 
for other reactions involving the phenolic nucleus (5). 

Unless some change in the molecule took place, “Epinine” and epinephrine 
would be quickly deaminated by the aminase of the liver. Figure 2 illustrates 
that fact. Actually, “Epinine^’ was excreted combined to a greater extent than 
was “Cobefiin’’, which was not deaminated by aminase. In all probability this 
change occurs on the catechol nucleus, for jd-phenylisopropylamine is excreted as 
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such whereas ^-phenylpropylamine is not (14). In this group of compounds hav- 
ing no phenolic groups, the position of the amino group vith respect to the 
terminal carbon atom of the side chain determines whether the compound is 
excreted or deaminated by aminase. 

The change in the catechol nucleus is not due to the action of a phenolase in the 
tissues because “Cobefrin’^j as well as the other two compounds, could be oxidized 
by such a system at least to the corresponding ortho-quinone, if such a system 
were present functionally in guinea-pig liver. Actually, homogenized guinea-pig 
liver tends to inhibit autoxidation of the compound (3). Also, if this oxidation 
did occur it would not be reversible by hydrolysis, and one would not get a postive 
test for these compounds in hydrolyzed urine. 

It is possible that the conjugation is of the nature of esterification with sulfuric 
acid of one or both of the phenolic hydroxyl groups as occurs in the case of phe- 
nols. Loeper, Loeper, Lemaire, Cottet and Parrod (15) reported that when 
tyramine is conjugated through its phenolic group with sulfuric acid it loses its 
pressor activity. Hydrolysis of this conjugated tyramine with hydrochloric acid 
pelded free tyramine which on neutralization was showm to regain its pressor 
and hyperglycemic properties. Richter and Macintosh (16) have shewn that 
conjugated epinephrine recovered from urine is inactive pharmacologically but 
can be converted to active epinephrine by hydrolysis. Indirect evidence that 
sulfuric acid is involved in the metabolism of epinephrine comes from the reports 
of Deichmann (17) and of Torda (18). The former author reported that when 
epinephrine w^as administered orally or parenterally to rabbits there w’as an in- 
commensurate increase in the renal elimination of organic sulfates. Torda dem- 
onstrated an increase in the excretion of conjugated phenol when phenol was 
administered parenterally to cats. She deduced that this finding substantiated 
the reports of Richter and Macintosh (16). Unfortunately only the work of 
Loeper et al. (15) can be considered direct evidence for such a conjugation of 
phenolic sympathomimetic compounds with sulfuric acid, and their synthesis of 
tyramine sulfuric ester has not been repeated successfully in these laboratories. 

There are several objections to accepting this as a fundamental concept in the 
inactivation of epinephrine and its related compounds. Probably the chief ob- 
jection is that esterification is not in itself an oxidative process, as many believe 
the inactivation of epinephrine to be. Only recently Bain, Gaunt and Suffolk 
(19) reported that liver slices did not inactivate epinephrine except in the pres- 
ence of oxygen. Oxygen is needed in two types of oxidation of epinephrine by 
aminase and phenolase, as w'e have shown. Written as a simple equation, the 
conjugation of epinephrine wdth sulfuric acid does not involve necessarily the use 
of oxygen. This has been offered as a criticism of the significance of the reaction 
in vivo, How^ever, in a recent communication Amolt and de Meio (20) reported 
that the conjugation of phenol in the liver and intestine is an enzymatic process. 
They concluded from their evidence that the process, which in itself does not 
require the consumption of oxygen, requires the energy produced by reactions 
coupled with oxygen consumption. If it be confirmed, this observation should 
go far to reconcile sulfuric acid conjugation with epinephrine with the oxidative 
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process long believed to occur. Since conjugation of ^^Epinine’’ and epinephrine 
does occur it would seem that this system to be effective must be much more 
active than the sluggish aminase system; otherwise, deamination would also be a 
significant factor in inactivation. The implications of such a system for the 
initial inactivation of epinephrine are very attractive. 

It might be argued that a “suKosynthase” is present only in the intestine and 
liver and so conjugates only the epinephrine homologues brought to it by the 
portal system. This is not necessarily true, since considerable amounts of 
epinephrine, ^^Epinine’’ and “Cobefrin” are excreted conjugated even after sub- 
cutaneous injection. 

SUMMARY 

The experimental evidence reported herein seems to permit the conclusion 
that epinephrine, “Epinine’’ and “Cobefrin’’ are conjugated through a phenolic 
hydroxyl group and appear in urine in this form. This mode of elimination is 
essentially independent of the mode of administration of the amines. 

We have presented e\ddence for and against conjugation as an important man- 
ner of detoxication of this group of compounds. We are of the opinion that 
subsequent work will tend to support this as a principal form of initial inactiva- 
tion of epinephrine. 
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The emotional makeup of an individual and the stresses imposed upon him 
are believed to play a part in many cases of hypertension in man (1), The 
relative importance of these two factors — ^i.e., emotional pattern of an individual 
contrasted with environmental stress — ^in the development of hypertension is 
dfficult to assess in man. The present paper deals vith this problem in rats. 

Method. Twenty-three gray Norway rats, bred and raised under uniform 
conditions, were used. At ages ranging from 119 to 177 days, they were tested 
for emotionality in Hallos open field situation (2), and an emotionality score 
obtained for each rat.^ Blood pressure determinations by the method of Griffith 
(3) were then made on thirteen of the twenty-three animals. Following these 
preliminary steps, eleven of the animals were set aside as controls, while the 
remaining twelve were subjected to the sound of an air blast five minutes a day 
for five days a week (4). At the end of this period, when each rat had been air 
blasted a minimum of 167 times, blood pressure determinations were repeated on 
all of the animals. 

Results. Blood pressures over 160 mm. of mercury were considered hyper- 
tensive (5), and in all but two cases hypertensive readings were higher than 
180 mm. of mercury. The distinction between emotional and non-emotional 
rats was a matter of judgment, and, as has been suggested (6), animals with 
scores of 8 to 12 ^vere considered to be highly emotional, 4 to 7, borderline 
emotional, and 0 to 3, non-emotional. The results are summarized in table 1. 

The initial blood pressure values, measured in thirteen of the rats, feU within 
a normal range. Following the period of auditory stimulation, a permanent 
hypertension was established in ten of the twelve experimental rats, while blood 

1 This work was aided by a grant from the Samuel S. Fels Fund. 

® Briefly, Hall’s test is as follows: a rat is placed in a large, well-lighted, circular en- 
closure 8 feet in diameter for two minutes a day on twelve successive das^s. This strange 
environment may evoke an emotional response in the rat, including defecation and micturi- 
tion. A score is obtained by noting the number of days during which the rat either defecates 
or urinates while in the enclosure. Animals excreting on no or few days of the test are 
considered to be non-emotional; rats with high scores (maximum, 12) are called emotional. 
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pressures of all but one of the control animals were normal. The majority of 
animals, both experimental and control, had high emotionality scores. All of 
the experimental animals uith scores of 8 or more, however, were found to be 
hj-pertensive after air blasting, while none of the highly emotional control ani- 
mals were or became hypertensive. The only air blasted rats that failed to 
exhibit an increased blood pressure had emotionality scores of 6 and 3. Two 
other experimental rats with borderline scores (7 and 6) were found to be hyper- 
tensive after air blasting. 

Discussion. The procedure of air blasting rats has been shown to result 
frequently in seizures typical of excessive autonomic stimulation (7), and is 
believed to be psychically disturbing. It has been shown (5) that continual 
exposure of rats to the air blast will induce a hypertension maintained under 
ether anesthesia. This hj'pertension is assumed, therefore, to be permanent in 
type. In ten of the twelve air blasted animals in this study, such a hjrpertension 


TABLE 1 


AZS BLASTED 

CONTKOL 

Rat 

Emotionality 
score 1 

Blood ; 

pressure 
(initial) 

1 Blood 

pressure 
i (final) I 

I 

Rat 

Emotionality 

score 

Blood 

pressure 

(initial) 

Blood 

pressure 

(final) 

IM 

12 


High 

1 F 

12 

Normal 

Normal 

2F 

12 

Normal 

High 

2F 

12 

Normal 

1 Normal 

3F 

11 

Normal 

High 

3F 

11 

Normal 

Normal 

4F 

i 10 


High 

4F 

11 

Normal 

Normal 

5M 

10 

Normal 

High 

5F 

10 

Normal 

Normal 

6M 

8 


High 

6M 

8 

Normal 

Normal 

7F 

8 


High 

7 F 

7 


High 

8F 

8 


High 

1 8F 

7 

Normal 

Normal 

9M 

7 

Normal 

High 

9M 

7 


1 Normal 

10 M 

6 


High 

1 10 M 

4 


Normal 

11 F 

6 

Normal 

Normal 

1 11 F 

1 


i Normal 

12 F 


Normal 

Normal 

j 



i 


was produced. Although the two experimental rats failing to exhibit hyper- 
tension were of low or borderline emotionality, these two instances are insuffi- 
cient to surest that a phlegmatic rat will resist the development of hypertension 
even when exposed to a stimulus that is adequate to produce high blood pressure 
in emotional animals. 

The results indicate that rats with an inherently unstable temperament will 
not, if undisturbed, become hypertensive; but if subjected over a long period 
of time to an emotionally' upsetting stimulus, they will develop hypertension. 
Emotional makeup, therefore, seems to occupy the rdle of a preffisposing cause, 
and environmental stress, that of the exciting factor in the development of a 
neurogenic hypertension in rats. 

SUMMARY 

1. Twenty-three Wistar gray Norway rats were tested for emotionality by 
Hall’s method. Twelve of the rats were subjected to a minimnTn of 167 daily 
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exposures to the sound of an air blast, and eleven v^eie maintained as controls. 
Blood pressure determinations were taken on rats from both groups before and 
after the period of air-blasting. 

2. Hypertension developed in ten of the twelve air blasted animals, and in 
one of the control group. All of the emotional air blasted t-ats developed h 3 i>er- 
tension while none of the emotional controls did, 

3. It is concluded that a psychically disturbing stimulus will produce neuro- 
genic hypertension in an emotional rat; but if undisturbed, such a rat probably 
will not develop hypertension. 
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We have tmdertaken a study of the respiratory activity of cerebral tissue from 
animals subjected to various forms of anoxia with the view of obtaining informa- 
tion as to the mechanism of irreversible hemorrhagic shock. In this condition, 
transfusion of an amount of blood equal to that previously withdrawn or lost 
fails to produce more than temporary recovery from hypotension. 'This raises 
the question whether exposure to prolonged periods of anemic anoxia results in 
irreparable damage of the circulation in vital organs or interferes with the ability 
of the cells to utilize the oxygen supplied by the transfused blood. 

There are indications that anoxia might impair the oxidative capability of 
cells. It has been reported by Greig and Govier (1943) and Greig (1944) that 
the concentration of coenzymes of oxidative systems is diminished in the tissues 
of dogs subjected to hemorrhagic shock. Schmidt (1928) and Schmidt, Pennes 
and Kety (1945), working with the dog and monkey, found that prolonged 
periods of cerebral anemia produce an irreversible reduction in the ability of brain 
cells to take oxygen out of the blood. Engel, Harrison and Long (1944) observed 
that when circulation to the rat liver is occluded for a period of one hour, the 
ability of this organ to remove amino acids from the blood is irreversibly de- 
pressed. 

Opinions differ as to the lespiratoiy activity of tissue slices from anoxic ani- 
mals. Beecher and Craig (1943) failed to detect alterations in the aerobic 
metabolism of cerebral cortex, cardiac muscle, renal cortex, and liver from cats 
in profound (though possibly not irreversible) hemorrhagic shock, whereas Russel, 
Long, and Wilhelmi (1944) reported reduced rates of oxygen consumption in 
livers from rats in hemorrhagic shock. Since in in vitro experiments with rat 
liver one deals mainly with endogenous respiration (oxidation of cellular sub- 
strates) it is diflSicult to distinguish between destruction of respiratory enzymes, 
loss of coenz3Tnes or mere lack of oxidizable substrates.^ 

Our investigation of the effect of anoxia upon the oxidative capability of cells 
has been limited to cerebral tissue for the following reasons: 1. Brain appeared 

1 This behavior of livers from rats in. shook resembles that found (Rosenthal, 1937) in 
livers from rats subjected to prolonged periods of fasting. 
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to be the only oi^an for which experimental evidence was available of irreversibly 
disturbed respiratory ability as a consequence of anemic anoxia, 2. Since the 
oxidative metabolism of excised cerebral tissue is based upon the utilization of 
known added substrates, interpretation of quantitative and qualitative alter- 
ations of the gas exchange is facilitated. Moreover, the opportunity of testing 
in a simple manner for a critical deficiency of one of the coenzymes is afforded 
by the circumstance that cerebral tissue, depleted of thiamine (the precursor of 
co-carboxylase), responds to the addition of this factor mth increased utilization 
of added pyruvate. 

Three types of anoxia were studied: 1, the anemic anoxia of irreversible, 
hsqiotensive hemorrhagic shock; 2, carbon monoxide hypoxia (as an example of 
anemic anoxia without material alteration in blood volume) and 3, stagnant 
anoxia, produced by temporary arrest of the circulation. 

Since unselected groups of dogs and cats were used for the expeiimental series 
the possibility had to be considered that differences in breed and dietary history 
could have a sufficiently great influence upon cerebral metabolism that the effect 
of anoxia might be concealed. To eliminate this source of error a method of 
internal control was used in which a brain sample from each animal was analyzed 
10 to 20 days prior to the exposure to anoxia and a corresponding sample from 
the opposite hemisphere was studied following the experimentally induced 
anoxic state. 

Methods. Production of anoxia hy hemorrhagic shock. Dogs under light 
surgical anesthesia (25 mgm. nembutal per kgm. intravenously) were bled undl 
the blood pressure had fallen to approximately 30 mm. Hg. The pressure was 
kept at this level by means of small withdrawals and reinjections of blood, as 
required. In two of the dogs, after the blood pressure had been maintained at 
the above level for 2 hours, the amoimt of blood previously withdrawn was 
reinjected. Following the spontaneous return of the blood pressure to a low 
level in approximately 2 hours, biopsies of the brain were made. A third dog 
was maintained for three hours at an average pressure of 30 mm. Hg and a brain 
sample was taken directly without reinjection of blood. 

Production of anoxia by carbon monoxide. Anesthetized dogs (50 mgm. of 
amsdal per kgm. intraperitoneally or nembutal as above) were allowed to respire 
air or oxygen from a spirometer of six liter capacity through a closed system. 
A current of oxygen, adjusted by means of a flow-meter, entered the spirometer 
through a special inlet tube in order to replace the oxygen consumed by the dog. 
Measured amounts of pure carbon monoxide were fed periodically into the 
inspiration line of the system. Blood samples were withdrawn after each admin- 
istration of the gas and the concentration of carbonyl hemo^obin, HbCO, deter- 
mined spectrophotometrically by the method of Drabkin (1944). 

The dop were kept at levels between 75 and 85 per cent of HbCO in tiie blood 
for periods of time ranging from 50 to 70 minutes. Of six dop, subjected to this 
procedure, two developed respiratory failure after 50 to 60 minutes of exposure. 
However, breathing returned quickly upon the application of manual artificial 
re^iration. In a third animal (expt. 9 of table 5), probably because of too rapid 
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adniinistration of carbon monoxide, respiration stopped 10 minutes after the 
HbCO concentration had reached 77 per cent and cardiac failure followed three 
minutes thereafter. The brain biopsy was secured 6 minutes after the death of 
the dog. In 3 of the dogs the biopsies were performed aseptically in order to 
save the animal for the study of permanent alterations which might occur in the 
period following recovery from the severe carbon monoxide anoxia. In these 
instances 30 to 80 minutes elapsed beWeen the end of exposure and the removal 
of the brain specimen. 

Production of anoxia by temporary arrest of the blood circulation. The blood 
circulation of cats, under intratracheal ether anesthesia, was arrested abruptly 
through occlusion of the pulmonary artery by means of a clamp as described by 
Weinberger, Gibbon and Gibbon (1940). The clamp was released after varying 
inteiwals of time ranging from 4.5 to 9 minutes. The time between the release 
of the clamp and the removal of a sample of brain for analysis varied between 
19 minutes and 8 days in the individual experiments. 

The procedure outlined by Weinberger et al. vras followed, with the exception 
that the preliminary thoracic operation was omitted in the animals which were 
to be sacrificed within one hour after the restoration of blood flow. During this 
period artificial respiration was applied by means of intermittent insufflation of 
air through the intratracheal catheter. 

Technique of biopsy. In first and second biopsies, samples were taken from 
the parietal areas of the bi'ain. These samples included portions of the supra- 
sylvian and ectosylvian gyri. In the individual animals of the different groups, 
the first biopsy (control) was performed alternately upon the left and right sides. 
In third biopsies the site was anterior to that of the first biopsy. The sample was 
from the sensori-motor area on the supero-lateral aspect of the brain. In all 
biopsies the same type of anesthesia was used as in the corresponding procedure 
for the production of anoxia. When the animal was to be saved for further 
studies the head was prepared aseptically. A large scalp flap was turned down 
to expose the temporal muscle. The latter was divided at its insertion just 
lateral to the mid-line and the calvarium exposed. The bone was trephined and 
the opening enlarged with a rongeur to expose the parietal area. The dural flap 
was then opened and a piece of brain excised by means of a small scalpel. When 
survival of the animal was desired bleeding from the brain vessels was controlled 
by means of electro-coagulation and light pressure with moist cottonoid sponges. 
In the first operations the dura was repaired, but this procedure proved difficult 
and tedious. In later operations the dural flap was replaced but not sewn, with 
good operative results. In the majority of animals sulfanilamide powder was 
liberally sprinkled through all layers while the wound was closed. This seemed 
to be an important point in preventing infections. The animals withstood the 
operative procedure extremely well. In 39 biopsies only 3 animals were lost. 
The surviving animals appeared to be bright and alert on the first post-oper- 
ative day. 

The analysis of the brain specimen. Immediately after its surgical removal the 
sample of brain was dropped into a chilled moist chamber, a cap-style weighing 
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bottle, with paraffin coated internal walls and with saline moistened cot- 
ton placed in the cap. The chamber was stored in a closed jar immersed in 
cracked ice.^ 

After 10 minutes of storage a sHce of about 3 mm. thickness was cut from the 
center of the piece across the gyri and fixed in formalin for histological examina- 
tion. If the sample was sufiiciently large, an additional slice was saved for the 
determination of the water content of the gray and the white matter. 

The remainder of the piece was minced in a chilled weighing bottle by means 
of a stainless steel microspatula for a period of 2 minutes. One or two samples 
of well mixed mince were then withdrawn for determination of the water content. 
A wmghed amount of the remaining mince was transferred to a homogenizer tube 
of the Potter-Elvehjem type (1936). Nine milliliters of warm (37'^C.) stock 
Ringer^s solution^ were added per gram of mince, and the mixture homogenized 
for 1| minutes at 37°C. 

Oxygen consumption was measured in air at 37.5°C. by means of the Warburg 
technique. For J:he measurement of the respiratory quotient the first method 
of Dickens and Simer (1930) was used. The main compartment of the mano- 
metiic vessels contained the following solutions: 1 ml. of homogenate, 0.4 ml. 
of 0.11 M sodium phosphate buffer (pH 7.35), 0.2 ml. of solution of substrate 
and 0.4 ml. of either stock Ringer’s solution or stock Ringer’s solution supple- 
mented with thiamine hydrochloride. The final concentration of added constit- 
uents was M/100 for glucose, M/50 for pyruvate, and M/69,000 (10 micro- 
grams per vessel) for thiamine hydrochloride. 

Oxygen uptake and carbon dioxide output were measured over a period of 
2 hours, 15 minutes being allowed for temperature equilibration in the water 
bath. The symbol Qoz used here denotes microliters, jul, of oxygen consumed 
per gram of wet tissue per hour and refers to the average rate over the 2 hour 
experimental period. The rate over the first 30 minutes was approximately 20 
per cent higher than in the last 30 minute period. 

Results. Action of thiamine upon oxygen comumption of normal brain sus- 
pensions supplemented with pyruvate, Banga, Ochoa and Peters (1939) found that 
in suspensions of ground brain from pigeons deficient in vitamin Bi the oxidation 

2 Exploratory experiments on the influence of storage upon the respiratory activity of 
gray matter from excised cat hemispheres revealed that the activity was preserved for 
periods of at least 90 minutes in the chilled wet chamber (inside temperature approximately 
4°C.) . Storage at room temperatures between 20 and 25® also appeared to be well tolerated 
whereas at higher temperature, such as frequently encountered during the summer months, 
definite alteration in respiratory activity occurred. 

3 The composition of this solution was similar to that previously described for * ‘Stock 
Ringer’s solution” (Rosenthal, Bowie and Wagoner, 1941) except for the substitution of an 
equal volume of 0.9 per cent sodium chloride solution in place of isotonic calcium chloride . 
In the absence of calcium the initial rate of oxygen consumption of homogenized feline 
gray matter was 20 per cent higher than in presence of this cation, although the rate with 
calcium was constant for a period as long as 4 hours. The depressing effect of calcium was 
found to be smaller and its stabilizing effect more pronounced than in the experiments re- 
ported by Elliott and Libet (1942) with rat brain. In homogenizing the tissue at 37®C. 
we followed the directions of these authors. 
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of pyruvate was stimulated by the addition of thiamine diphosphate (co- 
carboxylase) while free thiamine failed to produce a response. In slices or 
minced brain preparations, on the other hand, free thiamine was much more 
effective than an equivalent amount of the phosphorylated compound. These 
authors suggested that broken cells, in contrast to intact cells, were incapable of 
converting the vitamin into the coenzyme, and that unbroken cells were prac- 
tically impermeable to the phosphorylated compound. 


TABLE 1 

Effect of thiamine upon the respiration of brain suspensions supplemented with M/50 pyruvate 

Mean values d= Standard error* 
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spectively.^ Hence the type of tissue preparation employed in this study 
behaved more like intact cells than broken cells. This result appears to cor- 
roborate Elliott and Tibet’s conclusion (1942) that isotonic brain suspensions are 
very suitable for metabolic studies. 

A further inspection of table 1 reveals that thiamine failed to produce a signifi- 
cant increase of the respiratory rate of brain suspensions from the dogs and cats 
which had been subjected to the different t 3 T)es of anoxia which were investi- 
gated. A presentation of individual experiments seemed unnecessary since the 
range of variation (±2 per cent) coincided with the reproducibility of duplicate 
determinations. To rule out the possibility that suspensions of brain from 
anoxic animals might behave like “broken” cell suspensions mentioned above, 
tests with thiamine diphosphate were done upon 3 dogs of group b (table 1), 
1 dog of groups c and d, and 2 cats of group b, but no stimulation was observed. 

These results demonstrate clearly that anoxia does not produce an uncompli- 
cated type of thiamine deficiency such as we find in pigeons with nutritional 
avitaminoas. They do not rule opt, however, the possibility that there may 
have occurred a loss of thiamine together with other enzymic factors which are 
required for the complete oxidation of pyruvate. The oxidative decarboxylation 
dependent on co-carboxylase yields a respiratory quotient of 2.0 (CHsCOCOOH 
+ IO 2 — > CHsCOOH + CO 2 ). Probably, some additional decarboxylation of 
pyruvate takes place in anaerobic reactions which also depend upon co-carbox- 
ylase. Thus, addition of thiamine to a brain depleted of co-carboxylase as weU 
as of enzymic factors required for the completion of pyruvate oxidation should 
yield a R.Q. above the normal level. 

Table 1 also shows that the respiratory quotients of brain suspensions from 
control animals were of the order of 1.15, i.e., approximately 4 per cent below the 
theoretical value (1.2) for complete oxidation of pyruvate to CO 2 and H 2 O. 
This may indicate that pyruvate did not suppress completely the oxidation of 
certain preformed tissue substrates that yielded a lower R.Q. It will be noticed 
that there was a considerable diminution of the R.Q. in the brain of Bi avita- 
minotic pigeons in which the utilization of pyruvate is known to be diminished. 
The slight lowering of the R.Q. in the experimental group b of dogs and c of 
cats although perhaps indicative of a mild thiamine deficiency, is of questionable 
significance since in two animals of these groups similar low values were found 
before the exposure to anoxia. The addition of thiamine in these experiments 
restored the R.Q. to the control level but not higher. Thus there was no evi- 
dence in support of the view that anoxia affected any components of the pyruvate 
oxidase system. 

The respiratory quotient with glucose as substrate. Although we found an in- 
creased and stabilized oxygen uptake in the presence of glucose (data not pre- 
sented), which is evidence of the oxidative utilization of the sugar by brain 
suspensions from anoxic animals, information seemed desirable as to the com- 
pleteness of the oxidation. The respiratory quotient with glucose as substrate 
was therefore studied in the experimental series. The results are summarized 
in table 2. For details of experimental procedure table 5 should be consulted. 
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It may be seen from the data in table 2 that in brain suspensions from first 
biopsies upon normal animals (dogs a and cats a) the respiratory quotient was 
slightly below unity, a result frequently obtained in studies with nervous tissue 
in vitro (Elliott, McNair Scott and libet, 1942). The coefficient of variation in 
these groups was ±1.3 per cent. In the dog (groups b and c), the respiratory 
quotients of the material from subsequent biopaes upon individual brains 
checked within ±1.6 per cent with the result of the first biopsy, while in the cat 
(group b) differences ranging from —4.9 to +1.7 per cent were found. In the 
two cats with negative deviations of 4 to 6 per cent the interval between the two 


TABLE 2 


The respiratory quotient of brain sitspensions supplemented with M/100 glucose 
Mean values ± Standard errors 


GSOITF 

NO. 05 

mST BIOPSY 

STTBSEQUENT BIOPSIES 

ANBCALS 

R.Q. 

Type of 
biopsy 

Interval after 

1st biopsy 

Type of anoxia* 

Change in R.Q. 


Dogs 






days 


per cent 

a 

10 

0.966 ±0.004t 





b 

3 

0.952 ±0.006 

2nd 

18, 28, 43 

none 

+0.6 ±0.53 

c 

2 

0.968 ±0.002 

3rd 

23, 49t 

none 

-0.1 ±1.45 

d 

3 

0.968 ±0.004 

2nd 

24, 34, 40 

CO; direct 

-2.9 ±0.04 

e 

2 

0.968 ±0.007 

3rd 

41, 45§ 

CO; recovered 

-1.2 ±1.20 

f 

1 

0.984 

2nd 

19 

Shock 

-3.4 


Cats 


a 

19 

0.953 ±0.003t 

! 




b 

4 

0.948 ±0.006 

2nd 

6, 7, 14, 16 

none 

-1.8 ±1.55 

c 


0.952 ±0.004 

2nd 

7, 9, 9, 20, 106 

Arrest; direct 

-4.1 ±1.69 

d 

2 

0.957 ±0.008 

2nd 

18,22 

Arrest; recovered 

-0.8 ±4.50 


* Abbreviations have the same meaning as in table 1. 


tThe coeflBcient of variation, /mean) -100, was ±1.3 per cent. 

X 5 and 6 days after 2nd biopsy. 

§ 5 and 7 days after 2nd biopsy. 

II ^ 8 days after temporary arrest of the circulation. 


biopaes ^ 6 to 7 days in comparison with 14 to 16 days in the other two ani- 
mals which yielded values that agreed as closely as those of the normal dogs. 

Exposure of dogs to carbon monoxide (d) or to hemorrhagic diock (f ) resulted 
in a very slight decrease of the respiratory quotient. The lowest R.Q. value 
obtained hr group d was 0.93. It seems noteworthy that the decrease following 
irreversible hemorrhagic shock was not more pronounced than the decrease after 
exposure to carbon molioxide where quick recovery was the rule. This suggests 
that hypoxia interferes little, if at all, with glucose utilization in the brain. 

Arrest of cerebral circulation did not produce uniform responses. In 2 cats 
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of group c, table 2 (cf. table 5, nos. 20 and 22) no change of the R.Q. of brain 
was found although in one of them restoration of normal circulation did not take 
place until 15 minutes after release of the pulmonary occlusion, while in the 
other deep coma of decerebrate type had been present for over 2 hours at the 
time of biopsy. The brain specimens of the remaining three cats of group c 
yielded respiratory quotients of 0.914, 0.890, and 0.864 respectively, correspond- 
ing to reductions of 5.3, 6.5, and 8.5 per cent from the control values. In two 
of these animals (cf. table 5, nos. 17 and 18) restoration of blood flow was im- 
perfect and the brain specimens were obtained about 10 minutes after complete 
cardiac failure. However, in the third animal (cf. table 5, no. 21) in which the 
greatest depression was observed, circulation returned promptly after release of 
the pulmonary occlusion. 

A brain sample from one® of the two cats of group d of table 2, (cf. table 5, 
nos. 23 and 24), obtained 4 days after recovery from circulatory arrest, showed a 
lowering of the respiratoiy quotient by 5 per cent (R.Q. = 0.914) while a speci- 
men from the other animal analyzed 8 days after recovery failed to reveal a 
significant change of the R.Q. These results suggest that stagnant anoxia may 
lead to a depression of glucose utilization. This effect seems to be related to the 
severity of the anoxia as well as to other undefined factors in the animal. 

Rate of oxygen consumption. The experimental results which have been pre- 
sented demonstrated that, in general, the quality of the respiratory metabolism 
of cerebral tissue was not materially altered by exposure of the animals to severe 
anoxia. It remained, however, to be seen whether the respiratory metabolism 
had been altered quantitatively. 

The accuracy of estimating the respiratory activity of the brain suspensions 
was limited by the circumstance tiiat the samples obtained by our method of 
biopsy were not constant in the proportion of gray and white matter. These 
two constituents of cerebral tissue differ greatly with respect to metabolic activity 
(Holmes, 1930; Krebs and Rosenhagen, 1931) and water content (Pilcher, 1937). 

In three anesthetized cats both cerebral hemispheres were excised and the 
gray matter and white matter separated. The rate of oxygen consumption was 
then determined as has b^n described. With both glucose and pyruvate the 
ratio, r = Q^JQot, of respiration of gray matter to respiration of white matter 
was found to lie between 3.5 and 4.8. The mean value was 4. 

The gray matter content, Gr, of a biopsy specimen, <S, the wet weight of which 
is taken as 1.0 may be computed from the equation (1). 

Gr = [l- (1) 

where R^ is the ratio, wet weight/dry weight, in the specimen as a whole and 
R®’’ and R^’' are the corresponding ratios in gray matter and white matter 

® This animal showed loss of responsiveness, had lost interest in its environment , had 
anorexia, and required forced feeding. The motor functions remained intact. With 
reference to histological alterations compare with the ‘‘Coimnent.’^ In the second cat of 
this group neither alterations of behavior nor histological changes were found. The only 
neurological defect was absence of the placing reactions. 




Kg. 1. Curves for computing gray matter content (firr) and respiration of gray matter 

(Q^) from the observed respiration and the ratio of w^ght of brain samples. 

dry 


Gr 


' R^ 


6.0 


1 -^-^ 

^ 

0.380 


Q°o\‘ 


Gr + 


X- Gr 


TABLE 3 


The ratio of wet weight to dry weight in gray matter {Rp^) and in white matter 


SP£CZES 

NO- OB' 

NO. OB DETER- 
MINATIONS 

R^r OP RWh 


ANTMAIiS 

1 Mean 

C.V.* 

SJE.t 


Gray matter (R^^) 


Dog 

11 

23 

5.04 

per cent 

±3.64 

±0.038 

Cat 

10 

16 

4.98 


±0.051 

Dog and cat 

21 

39 

5.01 

±3.84 

±0.031 


White matter (R^) 


Dog 



3.12 

±5.15 

±0.043 

Cat 



3.08 

±5.70 

±0.046 

Dog and cat 

20 


3.10 

±5,00 

±0.026 


* C.V. =» coefficient of variation, 
t S.E. = standard error. 
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respectively. While could be determined for all brain specimens used in the 
measurement of metabolism, and R^’^ could not. Therefore, in computing 
Gr we have used the mean values of R^ and which are listed in table 3. 
The curve Or of figure 1 serves to illustrate the relationship between Gr and R^ 
obtained by this method. 

The rate of oxygen consumption per gram of wet weight of gray matter, Q^, 
is obtained from the observed rate of oxygen consumption, Qo^, nging equa- 
tion (2). 

QZ = QtlyiGr + (1 - Gr)/r]. (2) 

The other curve of figure 1 shows the relationship between the ratio Qo,VQoJ* 
and the water content of the brain samples, expressed in R^ values. In the 
range met with in practice, i.e., for R^ values greater than 4 or (rr values greater 
than 0.6, variations of r, even as large as 25 per cent, would have only negligible 
effect on the value of Qol- The accuracy of Qol depends whether the mean 

TABLE 4 

Observed rates of respiration* and rates of respiration computed for gray matter with M/100 
** glucose (QqJ or M/50 pyruvate 

Normal animals 

Mean values z±= coefficients of variation 


AKIKAL 

NXTMBBR 

OR 

Q 

G 

Os 

^Pyrt 

Species 

No. 

EXPTS. 

Observed 

Computed 

Observed 

Computed 

Dog. . . . 

11 

16 

871 (±10.8%) 

1049 (±8.3%) 

925 (±8.6%) 

1116 (±7.8%) 

Cat . 

16 

21 

835 ( ±8.6%) 

1053 (±7.2%) 

927 (±7.6%) 

1159 (±5.4%) 


* julOg/g. wet weight/hour. Mean rate over 2 hour period. 

t The individual values are means of the rates obtained with and without thiamine 
which agreed within the limit of technical error. 


values of S®’’ and Ri”'^ used in computing Gr are truly representative, as well as 
on the accuracy of determining 22® in the individual specimen. 

Eesults of determinations of the respiratory activity in brains from normal 
animals are summarized in table 4. It will be seen that computation of the 
rates per gram of gray matter instead of per gram of original sample results in a 
slight reduction of the coefficient of variation in the experimental series. This 
reduction is accounted for by the elimination of the extreme deviations by our 
method. However, the scatter range of the majority of values remained un- 
changed. At present it cannot be decided whether the extent of this scatter is 
a consequence of unavoidable imperfections in technique or of real differences 
in the respiratory activity of the individual brain specimens. That our method 
of computation is basically sound is substantiated by the finding that direct 
deteiminations of Qo, and OoT gr8,y matter from 5 cats yielded mean 

values of 1092 and 1198 respectively, values in excellent agreement with the 
computed means recorded in table 4. 




344 


O. EOSENTHAL, H. SHENKIN AND D. L. DEABKIN 


In table 5 the two methods of calculation have been applied to data on the 
respiratory activity of different brain specimens from individual dogs and cats. 

TABLE 5 


Respiratory activity of different brain samples from individual animals 





INTER- 
VAL BE- 
TWEEN 
BIOP- 
SIES 

EXPOSURE TO ANOXIA 


AQojXlOO* 

EXPT. 

NO. 

ANIMAE 

NO, 

SITE AND 
ORDER OF 
BIOPSIES 

Type 

Detailst 

Duration 

TIME FROM 
END OF 
EXPOSURE 

With 

glucose 

With 

pyruvate 



TO BIOPSY 

Ob- 

served 

Gray 

matter 

Ob- 

served 

Gray 

matter 


Dogs 





days 



mins. 


% 

% 

% 

% 

1 

15 

E,L 

43 

None 




-6.0 

+11.0 

-7.5 

+9.5 

2 

15 i 

R, Rant 

49 

None 




-17.6 

-0.6 

-12.5 

+6.5 

3 

18 

L, E 

18 

None 




-14.0 

-4.0 

-2.5 

+8.5 

4 

IS * 

L, Lant 

23 

None 




-10.0 

-2.6 

-5.6 

+2.6 

5 

8 

L, E i 

34 

CO 

HbCO 74-79% 

50 

40 mins. 

+18.5 

-3.6 

+14.5 

-6.0 

6 

8 

L, Lant 

41 

CO 



7 days 

+5.5 

-4.5 

+2.5 

-7.5 

7 

13 

E,L 

40 

CO 

HbCO 77-93% 

60 

SO mins. 

+6.0 

-3.0 

+8.5 

-2.6 

8 

13 

R, Rant 

45 

CO 



5 days 

+10,0 

4.0 

+4.5 

-1.0, 

9 

12 

R,L 

24 

CO 

HbCO 77% up 

10 

9 mins.§ 

-25.0 

-24.5 

-21.0 

-20.6 

10 

10 

E,L 

14 

Shock 

BP 30 mm. 

135 

120 mins. it 



-2.6 

+23.5 

11 

11 

L, R 

19 

Shock 

BP 32 mm. 

180 

0 mins. 

-7.0 

+5.5 

-6.5 

+7.0 


Cats 


12 

3 

R,L 

5 

None 




-13.0 

+1.6 

-9.0 

+4.5 

13 

14 

R,L 

6 

None 




-7.5 

-5.0 

-10.0 

-7.6 

14 

16 

L, R 

7 

None 




-1.6 

-0.6 

-9.0 

-8.0 

15 

20 

L, R 

14 

None 




-8.6 

+6.5 

-13.0 

+1.0 

16 

21 

R,L 

16 

None 




-6.5 

-1.0 

-5.6 

-1.5 

17 

7 

R,L 

7 

Arrest 

Occl. 6.3 mins.f 

7to40t 

8 mins. 

-26.6 

-26.5 

-19.0 

-19.6 

18 

24 ! 

L, R 

109 

Arrest 

Occl. 9.0 mins-t 

9 to 3511 

11 mins. 

-21.0 

-24.0 

-8.5 

-12.0 

19 

23 i 

R, L 

23 

Arrest 

Occl. 8.0 mins. 

9 

16 mins. 

-2.5 

+9.0 

-5.6 

+5.6 

20 

4 

L, R 

9 

Arrest 

Occl. 6.0 mins. 

20 

23 mins. 

-6.6 

-9.6 

-4.6 

-7.0 

21 

1 

L, R 

9 

Arrest i 

Occl. 6.2 mins. 

5.2 

27 mins. 

-13.5 

-21.0 

-17.6 

-24.5 

22 

IS 

L, R 

20 

Arrest | 

Occl. 5.0 mins. 

5.7 

136 mins. 

-15.6 

-25.6 

-13.0 

1 -23.6 

23 

; 6 

R, L 

18 

Arrest j 

Occl. 4.5 mins. 

3.4 

4 days 

-10.5 

-11.5 

-8.5 

i -9.6 

24 

19 

1 

L, R 

22 

Arrest | 

Occl. 6.2 minus. 

6.5 

8 days 

-10.0 

-10.6 

-4.6 

-5.5 


* A rv V, ^^02 subsequent biopsy) - (Qq, first biopsy) 

* A % X 100 « 22 X 100. 

Qq 2 first biopsy 

t “E’* and “L” denote parietal areas of right and left hemisphere respectively, the first letter always designating 
the site of the first (control) biopsy. The subscript “ant” indicates an area anterior to the site of the first biopsy. 

t “HbCO** and indicate respectively concentration of carbon monoxide hemoglobin as percentage of the 
total hemoglobin and blood pressure in mm. of mercury for the period of time given in the next column to the right. 
**Occl.** designates time of occlusion of the pulmonary artery. The corresponding figures sub ^*Duration” give 
the period of interruption of retinal circulation. 

§ 6 mins, after cardiac failure. 

II 120 mins, after reinfusion of the blood. The blood pressure had drifted back to 40 mm, Hg. 

Although cardiac action remained weak and irregular after release of the occlusion some circulation was sus« 
tamed by means of heart massage and infusion of saline with epinephrine. This was evidenced by regressing cyanosis 
of the mucous membranes . The specimens were obtained 8 and 11 minutes after complete cardiac failure. 


Tke percentage difference in the oxygen consumption, AQo, X 100, between the 
control and subsequent biopsies is recorded. 
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From the data on normal animals (expts. 1 to 4 and 12 to 16) it is evident that, 
when the respiratory activity is calculated upon the basis of gray matter, 
^Qoz X 100 is diminished in most instances, namely, in 15 out of 18 determina- 
tions. This may be seen from a comparison of the values for gray matter with 
the corresponding observed values. Valu^es of AQo, X 100 greater than 10 per 
cent appear to be beyond the limit of experimental error and may be utilized 
as evidence of abnormality * Negative values greater than 10 per cent, indicative 
of depressed respiratory activity of the brain, were encountered in experiments 
with five animals subjected to complete anoxia. Such experiments included 
4 instances of circulatory arrest (expts. 17, 18, 20, 21) and one instance (expt. 9) 
of carbon monoxide anoxia, in which the specimen was obtained 9 minutes after 
respiratory failure of the dog. No depression was found under conditions of 
hypoxia, such as uncomplicated carbon monoxide poisoning and hemorrhagic 
shock. » 

It is probable that the single positive value of AQo^, X 100 in gray matter 
greater than 10 per cent (expt. 10) which could be taken as indicative of stimu- 
lation of the respiratory activity by irreversible hemorrhagic shock is in error 
owing to the dehydration of the brain in situ. At biopsy of this animaPs brain 
the distance between the dura and brain surface appeared to be extraordinarily 
wide. Correspondingly, the water content of this brain sample (B^ = 3.91) 
was unusually low. Since our computation is based upon the standard curves, 
presented in figure 1, dehydration of the brain must result in an underestimation 
of the gray matter content of the sample and, consequently, in an overestimation 
of the respiratory activity. It is obvious that brain edema will produce errors 
in the opposite direction. This is probably the situation in experiments 21 and 
22 in which the large negative values of AQo^ appear to be at variance with the 
brief period of circulatory arrest. In these instances the water content of the 
brain samples was considerably higher than that of their respective controls. 
In experiments 19 and 20, on the other hand, in which there was no increase in 
the water content of the samples over that of the respective controls, there was 
no significant change in the respiratory activity even though the periods of inter- 
rupted cerebral blood flow were longer than in experiments 21 and 22 (vide the 
figures sub ^^Duration^’ in table 5). 

Comment. Our experiments indicate that neither irreversible hemorrhagic 
shock nor severe carbon monoxide hypoxia diminishes the respiratory capability 
of brain tissue.^ Even after interruption of cerebral blood Alow for periods of 
time suflScient to produce prolonged functional and, often, permanent histological 
alterations in the nervous system, a reduction in the respiratory activity of the 
brain is not a primary consequence. 

Although this conclusion refers to the respiratory activity of the cerebrum 
only under standardized in vitro conditions, nevertheless it does not support the 

^ In a personal communication to one of us (D. L. D.) C. N. H. Long has recently in- 
formed us that he and his colleagues A. E. and H. Wilhelmi found that the metabolism of 
brain from rats in hemorrhagic shock, in contrast to the metabolism of liver, shows no 
alterations from normal. This is in agreement with our findings in dogs. 
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hypothesis that irreversibly depressed oxygen consumption of brain in situ, as 
has been reported to follow prolonged periods of cerebral anemia (Schmidt et al., 
1945), is due to destruction of respiratory enzymes or coenzymes. The cause of 
the decreased oxygen consumption in vivo may perhaps be accounted for by an 
impaired supply of oxygen and substrates to the brain cells owing to permanent 
vascular changes, and/or a disturbed biocatalytic activity as a consequence of 
alterations in intracellular water and electrolyte content. 

Histological examination of the brain specimens from the anoxic animals failed 
to reveal significant changes with the exception of a specimen removed 4 days 
after temporary arrest of the circulation (vide table 5, expt. 23 and footnote 6). 
In this case over 50 per cent of the ganglion cells were shrunken and pyknotic 
with the cytoplasm staining so darkly as to make the nucleus indistinguishable 
save for the nucleolus. Apical processes were prominent, elongated and wavy. 
The third layer of the cortex seemed most Severely affected. Indeed here a small 
area of degeneration could clearly be seen, with falling out of cells leaving small 
vacuoles and some debris. Of the brain specimens removed several days after 
exposure of the animal to anoxia this was the only one in which a depressed 
respiratory quotient vdth glucose as substrate was found. The other specimens, 
which showed various metabolic alterations, were obtained within 2 hours fol- 
lowing exposure of the animal to anoxia, i.e., presumably too early for histological 
changes to have occurred. 

Drabkin et al. (1943) had found 75 per cent carbonyl hemoglobin in the blood 
to be a critical level with unanesthetized dogs. Pathological lesions of the brain 
were always seen in dogs kept for brief periods under these conditions. It there- 
fore appeared remarkable to us that in our present experiments the dogs were 
able to survive without apparent ill effect appreciably longer periods (up to 
85 min.) of acute carbon monoxide hypoxia at levels as high as 85 per cent (and 
in one instance 93 per cent) of HbCO in the blood. It may be calculated from 
the effect of HbCO upon the shift in the dissociation of the remaining oxyhemo- 
globin that at a level of 85 per cent HbCO, not 15 per cent, but only approxi- 
mately 4 per cent of the hemoglobin may be considered functional from the 
standpoint of unloading of oxygen to the tissue. It appears highly probable to 
us that survival and complete recoveiy under our present conditions are largely 
due to the fact that our dogs were anesthetized and therefore at a low level of 
metabolism. Other interesting implications of this severe form of carbon mon- 
oxide hypoxia will be further discussed elsewhere. 

SUMMARY 

Oxygen consumption rates and respiratory quotients, vath pyruvate or glucose 
as substrate in an isotonic medium were studied in brain suspensions a, from dogs 
in irreversible hypotensive hemorrhagic shock; b, from dogs exposed to high 
concentrations of carbon monoxide (75 to 85 per cent HbCO for 50 to 70 min.), 
and c, from cats subjected to temporary arrest of the circulation. In each ani- 
mal biopsy specimens from the cerebral hemispheres were examined one to 
several weeks before exposure to the anoxic state, immediately thereafter, and/or, 
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occasionally, following recovery from the reversible types of hypoxia (b and 
c above). 

Since individual biopsy specimens varied in the proportions of gray and white 
matter, a method has been presented for computing the respiratory activity of 
gray matter from the water contents of mixed samples and the mean values for 
water content and respiratory activity in samples of gray and white matter 
respectively. 

In the experiments with pyruvate measurements were made both in the 
presence and absence of added thiamine-HCl to test w^hether anoxia produced a 
critical deficiency of this factor. Control experiments on brain suspensions from 
pigeons with frank neurological manifestations of vitamin Bi deficiency showed 
striking increases in O2 consumption after addition of thiamine hydrochloride. 
An altered respiratory activity vras found in some but not all of the brain 
specimens from the animals exposed to stagnant anoxia (circulatory arrest) . The 
alterations consisted in a lowered rate of O2 consumption vith pyruvate as sub- 
strate and in diminished respiratory rates and quotients with glucose as substrate. 
In carbon monoxide hypoxia and in irreversible hemorrhagic shock the respira- 
tion of the brain remained essentially normal. *The addition of thiamine hydro- 
chloride was without effect in aU three types of induced anoxia. 

The experimental findings suggest that a destruction of respiratory enzymes 
or a critical deficiency of co-enzymes in the brain is not a primary consequence 
of anoxia nor do such factors account for the development of irreversible func- 
tional and histological alterations, that may follow anoxia. 
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In. 1943 Pfiffner and associates (1) reported on the isolation of crystalline 
vitamin Bo. The present paper gives a summary of our findings "with respect to 
the r61e of this pure vitamin in its relation to the cellular blood elements. The 
absence of vitamin Be in the diet of the chick produces subnormal growth, poor 
feathering and profound alterations in the peripheral blood. Hogan and Parrott 
(2), who were the first to describe the poor growth and abnormal erythropoiesis, 
characterized the anemia as hyperchromic and macrocytic in nature. This 
induction of anemia in chicks raised on a simplified ration lacking an unrecog- 
nized factor was confirmed by Miller, Briggs, Elvehjem and Hart (3). Later, 
Campbell, Brown and Emmett (4, 5) demonstrated that, in addition to the ma- 
crocytic, hypochromic anemia, both severe leukopenia and nfild thrombopenia 
occurred in chicks raised on a purified diet lacking the anti-anemia principle but 
containing all of the other recognized B vitamins in crystalline form. Briggs, 
Luckey, Elvehjem and Hart (6) confirmed the presence of abnormal leukopoiesis. 

Expbkimental. The chicks used throughout were produced from the same 
strain of white leghorns. They were kept in close confinement and raised on dry 
feed. Upon arrival in the laboratory, the day-old chicks were banded, weighed 
and s^regated in uniform test groups. They were housed in metal brooders 
equipped with raised wire bottoms. AH experiments were conducted in an air- 
conditioned room maintained at 84 to 86®F. Tap water and the ration were 
given ad libitum. Each week observations were made as to body weight, perosis 
and general appearance of the birds. Mortality records were also kept daily 
starting after the dghth day on Ihe ration on the assumption that any deaths 
prior to this were not due to the effects of the experimental conditions. As the 
experiment progressed, some of the chicks were selected at random for hemato- 
poietic examination. The blood was drawn from the brachial vein at the tip 
of the wing, using a small hypodermic needle for the incision. 

The following methods were chosen for examining and classifying the chick 
blood cell elements: (a) for the eiythrocsrte and leukocyte count, the method of 
Wiseman as described by C. Olson (7); (b) hematocrit values were determined 
according to Van Allen (8); (c) for hemoglobin, the method of Eveljm (9); (d) 
thrombocytes by the method of Fonio as described by R. B. H. Gradwohl (10) 
and (e) Wright’s stain was employed for the staining of slides for the differential 
counts. In addition, we used as a guide in the morphological study, Burnett’s 
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(11) colored photographs of normal chicken blood cells and the colored drawings 
of Oberling and Gu4rin (12) of normal and pathological chick blood cells. 

The plan, as carried out, was to keep the chicks on three nutritive planes: 
(a) normal diet, (b) vitamin Bo deficient purified basal diet, and (o) the basal 
diet supplemented with varying amounts of the crystalline vitamin. 

A. Normal control group. In order to study the blood picture of a normal 
growing chick, a commercial broiler ration (Larrowe Milling Co.) was fed to three 
groups of 10 chicks each. It contained 18 per cent protein, 2.5 per cent fat, 
7.0 per cent crude fiber, and 47.5 per cent nitrogen-free extract. 'V^ile the pro- 
tein content was perhaps low, no attempt was made to reinforce the ration. The 
animals were started on this ration on three successive weeks. The results 
are summarized in table 1. 


TABLE 1 

A. Normal chick blood 


AGE GS CmCKS, DAYS 

1 

3 

7 

9 

14 

21 

28 

Number of chicks 

27 

10 

26 

IS 

23 

22 

20 

Body weight, grams 

38 


54 

63 

85 

152 

207 

Hematocrit, vol. % . . 

33.2 

30.3 

32.8 

31.5 

32.3 

34.9 

31.2 

Hemoglobin, gram ' 








% ! 

8.02 


8.56 

7.36 

7.95 

8.30 

7.74 

Erythrocytes, mils./ 








emm 

2.28 

2.31 

2.37 

2.30 

2.32 

2.42 

2.27 

Leukocytes per cmm. 

19,580 

23,740 

26,577 

28,648 

28,640 

29,950 

29,935 

Lymphocytes 

12,413 

16,381 

19,647 

21,170 

20,380 

21,780 

22,406 

Monocytes 

470 

546 

797 

745 

1,071 

1,021 

688 

Eosinophils 

705 

617 

520 

533 

573 

614 

449 

Basophils 

529 

475 

736 

1,063 

.902 

1,144 

659 

Heterophils ...... 

5,463 

5,721 

4,877 

5,130 

5,714 1 

5,391 

5,733 

Thrombocytes per 





j 



cmm 

29,630 

24,940 

29,400 

32,137 

26,090 

31,754 

31,180 


B. Negative control group. Three groups of 15 chicks each were started con- 
currently with the normal group and given the following basal ration during the 
next 4 weeks on test. The purified diet had the following composition per 
100 grams: purified casein, 25 grams; gelatin, 10 grams; 1-cystine, 0.3 gram; corn- 
starch, 52.4 grams; cellulose, 3 grams; lard,4 grams;salts (13), 5 grams;manganese 
sulfate (4 moles of water), 0.1 gram; choline chloride, 0.2 gram; thiamine, 0.4 
mgm.; riboflavin, 0.8 mgm.; pyridoxine, 0.6 mgm.; sodium pantothenate, 1.1 
mgm.; nicotinic acid, 2.0 mgm.; i-inositol, 50 mgm.; p-aminobenzoic acid, 15 
mgm.; vitamin A, 1600 U.S.P. units; vitamin D (natural), 160 U.S.P. units; 
mixed tocopherols (25 per cent alpha), 24 mgm.; and vitamin K, 5 
meg. Crystalline biotin in 0.005 N NaOH solution was given by pipette twice 
a week at a level equivalent to 1.5 meg. per chick per day. 

Description of the vitamin Be deficiency syndrome in chicks. Birds fed the basal 
deficient ration became progressively lethargic after 7 to 10 days. Their wings 
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began to droop by the end of the first week. In general, immature development 
of the feathers was a noticeable feature, progressing slowly after the second week 
until it became very pronounced after five weeks. For example, the lamellae 
and the raehis were particularly involved. The enamel on the shaft, especially 
in the median area, gradually disappeared leaving a weakened feather which 
easily snapped off when a slight pressure was applied to it. This phase of the 
syndrome did not appear to be as severe in our chicks as reported by Briggs et 
al. (6) . Other than a general dryness of the skin in the four weeks or older birds, 
no dermatologic effects were observed. The incidence of perosis among the 
chicks fed the basal diet was extremely low, being about 1 per cent. The chicks 
grew normally for the first eight to ten days; thereafter, the growth rate dropped 
appreciably. The mortality of the aneroic chicks, receiving little if any of the 
vitamin Be, was extremely high, averaging 50 per cent in four weeks. 


TABLE 2 

jB. Vitamin Be deficient chick blood 


AGE or CHICKS, DA7S 

3 

7 

9 

14 


28 

Number of chicks 

10 

IS 

18 

22 

16 

25 

Ave. body weight, grams 


57 

63 

66 

84 

99 

Hematocrit, vol. % 

30.2 

29.9 

26.1 

23.5 

22.6 

15.0 

Hemoglobin, gram % 


7.64 

6.34 

6.27 

5.85 

4.76 

Erythrocytes, mils./emm 

2.17 

2.09 

1.96 

1.70 

1.33 

0.93 

Leukocytes per emm ! 

19,780 

25,780 1 

18,520 

13,686 ! 

9,047 

7,690 

Lymphocytes 

11,215 i 

19,386 

12,840 

8,997 

3,736 

1,756 

Monocytes 

336 1 

825 ' 

432 1 

230 

85 

68 

Eosinophils 

574 

619 

463 

335 

611 

274 

Basophils 

1,246 

704 

629 

516 

260 

197 

Heterophils 

6,409 

4,246 : 

4,156 1 

3,608 

4,355 1 

5,395 

Thrombocytes per emm 

26,350 

29,570 i 

24,913 1 

24,541 

18,487 I 

18,020 


After certain intervals of time on the ration a number of birds were selected 
at random for blood sampling. The data are given in table 2. 

C. Vitamin Be supplemented group. Crystalline vitamin Be was added to the 
basal ration in varying amounts and fed to day-old chicks. Seven groups 
of 4 to 7 chicks each were given the test diets for 27 days and the observations 
on blood response were made at this time. This series was run in duplicate on 
2 successive hatches. The first test has been reported previously (4) whereas a 
complete summary of the 2 assays is shown in table 3. 

A. Observations on the blood of the normal control chicks. The blood constitu- 
ents of the normal chick (table 1) remained on a fairly constant level during the 
first 28 days of the test. Only an increase in the number of leukocy1;es, accounted 
for in the most part by lymphocytes, gave evidence of the dynamic state of the 
blood. 

Morphologically, full maturity of the cells occurred after 2 to 3 weeks. Up 
to that time slight to moderate polychromasia and basophilia were demon- 
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strated in the nucleated erythrocytes along with a small number of immature 
forms Occasionally poikilocytosis and anisocytosis were observed. 

In the white cells excessive granulation and slight swelling of the leukocytes 
were observed in some of the day-old chicks. A few eosinophilic myelocytes 
appeared after a week or so. On the whole, however, the white blood cells and 
the thrombocytes were essentially normal for the 28 days under examination. 

Statistically the coefficients of variation for normal red, white, differential and 
thrombocyte counts agreed fairly well with those reported by Olson (7), See 
table 4. 

B. Observations on the blood of the negative control. The blood picture of chicks 
fed the basal vitamin B© deficient diet (table 2) was similar for the first 7 days to 
that produced in chicks given normal (broiler) ration. Thereafter, disorders in 
the blood developed which became progressively more severe. Ibus, the red 

TABLE 3 


C. The cytopoietic influence of crystalline vitamin Be after twenty^even days 


ievel/100 grams or 

RATION 

0 

5 meg. 

10 meg. 

20 meg. 

40 meg. 

100 meg. 

1 

200 meg. 

400 meg. 

Number of chicks 

S 

9 


5 

7 


8 

10 

Ave. body weight, grams . 

9S 

97 

109 

120 

132 j 

161 

181 

202 

Hematocrit, vol. % 

15.2 

19.7 

20.5 

$L0* 

■ i 

30.6 

30.2 

33.1 

30.7 

Hemoglobin, gram %, . 

3.38 

4.97 

5.12 

6.78 

7.25 

7.67* 

8.65 

8.05 

Erythrocytes, 









mil./cmm... 

0.89 

1.30 

1.17 

1.92 

1.99 

2.08 

2.27* 

2.12 

Leukocytes per cmm.. , . 

9,400 

8,860 

11,630 

18,420 

16,300 

26,950 

80,640* 

24,440 

Lymphocytes 

1,109 

3,258 

4,038 

6,668 

4,523 

17,337 

19,470 

16,961 

Monocytes 

0 

56 

87 

442 

272 

1,145 

1,261 

855 

Eosinophils 

207 

224 

407 

332 

217 

270 

6 

244 

Basophils 

132 

203 

378 

774 

163 

539 

774 

415 

Heterophils 

7,952 

5,119 

6,720 

10,204 

11,125 

7,669 

9,029 

5,965 

Thrombocytes per cmm. 

18,700 

21,530 

22,020 

se,m* 

36,580 

! 38,100 

35,900 

32,620 

Mortality, % 

58 

36 

67 

55 

1 22 

I 26 

20 

0 

Incidence of perosis, % . 

0 

0 

0 

0 

0 

8 

25 

20 


* These values are comparable to those obtained with chicks raised on a commercial broiler ration (table 1) . 


blood cell volume after 4 weeks decreased in some instances to 5-6 per cent; the 
erythroegrte count dropped to 310,000 cells per cmm. in one chick; and the 
leukoc 3 rte counts of 3,000 to 4,000 per cmm. were not uncommon. One of the 
remarkable features of this dyscrasia was the maintenance of the absolute number 
of heterophiles. During the 28 days of observation, there was a relative increase 
in heterophUes from 28 per cent to 70 per cent, but, as liie data indicate, there 
was no sig nificant increase or loss in actual number. 

The morphology of the cells was found to be decidedly changed from the 
normal starting on or about the ninth day. Immature red blood cells increased 
in number with more polychromatophilia and basophilia present. Macrocytosis 
with a greater variety of sizes and shapes appeared on about the 14th day. By 
the 21st day, numerous normoblasts, pronormoblasts and myeloblasts were in 
evidence; active mitotic figures became more common. Ultimately at 28 days 
the nucleated red blood cells presented a moderate to marked anisocytotic and 
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poikilocytotic picture. Also polychromasia and basophilia, along with macro- 
cytosis, were in evidence as a general rule rather than the exception. In addition, 
the nuclei of many of the immature cells were eccentrically placed while the 
breaking of nuclear chromatin into fragments within the cell was frequently 
seen. 

Of the twenty-five animals surviving on the basal deficient ration, table 2, 
four did not develop as severe an anemia in the four weeks as the others. Their 
hemoglobin values ranged from 5.88 to 7.53 grams per cent, averaging 6,84 grams 
per cent. The red count ranged from 1.32 to 1.59 million cells per cmm. with a 
mean of 1.47 while the hematocrits varied from 23 to 28 vol. per cent, averaging 
25.5 vol. per cent. However, the morphology of their cellular elements was as 
characteristically marked as the rest of the group. 

The leukocytes deviated considerably from the normal pattern. The excessive 
granulation and swelling of the cells observed in the blood picture of the day-old 
chick disappeared after a day or two in a normal manner. About the ninth day 
and thereafter, however, the distribution, size, number, and staining reactions 
of all white cells became progressively variable as leukopenia developed. Hetero- 
philes appeared to be aging since pyknosis and hypersegmentation were often 
observed. The nuclei of these cells also acquired a lighter staining characteristic, 
starting generally about the twenty-first day. Vacuoles developed in the 
cytoplasm of the lymphocytes after the fourteenth day. Moderate to severe 
leukopenia was a distinguishing feature in every bird in this series. 

The thrombocytes underwent considerable alteration after the second week, 
although their actual numbers did not decrease much below a subnormal plane. 
Karyorrhexis and pyknosis were common. Vacuolation on the cytoplasm 
increased during the third and fourth weeks along with a general swelling of the 
granuoles. Variation in the size and shape of the cells proper was a dominant 
characteristic. Often it was diflScult to distinguish between platelet and lympho- 
cyte because of the increase in their size. Three of the chicks presented an 
essentially normal thrombocyte picture while in five other cases only very slight 
granulation and swelling of the cells were observed. Of the eight chicks referred 
to with little or no thrombopenia developing, three were previously described as 
being only slightly anemic. 

The instability of the blood elements in the vitamin Bo deficient chicks is 
clearly reflected by the coefficients of variation associated with each observation, 
the variance being one to six times the normal values. See table 4. 

C. The influence of crystalline vitamin Be on the cellular elements of chick blood. 
The addition of 5 to 10 meg. of pure vitamin Bo per 100 grams of basal ration 
(table 3) failed to prevent the appearance of a severe macrocytic, normochromic 
anemia in the 27 day test. The characteristic morphology of the blood pattern 
shown in the negative control animals was duplicated here. In the 5 meg. 
group one chick of the nine had a normal blood picture, although its body weight 
was low, 84 grams. 

Marked improvement in the thrombocyte pattern of the chicks given 20 and 
40 meg. respectively, of the crystalline Be vitamin per 100 grams of ration, was 
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accompanied by a partial prevention of anemia and leukopenia, suggesting that 
these levels were near the critical zone. The variations in red cell size and shape 
were considerably reduced. Although the leukocytes were slightly abnormal 
morphologically, severe l3unphocytopenia was still evident. 

The distribution, size, shape, and staining characteristics of the blood cells 
in the chicks receiving 100 meg. or more of crystalline vitamin Be per 100 grams 
of basal ration were essentially normal. The approximate normal values have 
been italicized in table 3. This emphasizes the small amount of vitamin Be 
(20 meg.) necessary to maintain the normal red cell volume and thrombocyte 
count. 


TABLE 4 

Range and variation of results 


OBSERVATION 

NORMAL CmCES 

ANEMIC CHICKS 

VITAMIN Be TREATED CHICKS 

5 meg./lOO gm. | 

1 100 meg./lOO gm. 

1 400 mcg/100 gm. 

Range 

Coef. 

Range 

Coef. 

Range 

Coef. 

1 Range 


Range 

Coef. 

Number of chicks 

20 

26 

1 

1 ^ 

12 

10 

Body weight, gram 

132-265 

16.2 

59-160 

23.9 

1 

62-155 

27.6 

81-215 

22.7 

i 101-255 

24.5 

Hematocrit, vol. % 

27-36 

9.7 

6-28 

46.0 

9-28 

29.4 

25-35 

Bil 

23-35 

11.4 

Hemoglobin, gram 











% 

6.42-10.07 

11.8 

2.35-7.53 

36.9 

1.94-7,65 

36.4 

6.60-8.81 

10.3 

6.74-9.10 

8.2 

Erythrocytes, mil. 











/cmm.. . . 

2.00-2.68 

7.5 

0.31-1.59 

40.1 

0.69-2.17 

36.1 

1.60-2.41 

10.1 

1.28-2.56 

19.9 

Leukocytes per 











cmm... . 

23,100-40,000 

17.0' 

3,000-14,700 

43.6 

3,200-18,000 

53.0 

20,000-42,200 

29.1 

18,000-33,000 

16.9 

Lymphocytes 

13,630-32,800 

10.1 

420-3,530 

68.4 

615-9,000 

49.8 

9,616-25,320 

21.6 

11,270-22,440 

13,3 

Monocytes. . 

240-1,470 

61,3 

0-270 

103.4 

0-260 

114.3 

200-4,220 

56.0 

10-2,960 

90.0 

Eosinophils . 

0-900 ! 

76.7 

0-470 

80.3 

0-540 

29.6 

0-520 

iilWl 


62.9 

Basophils . . . 

250-1,600 

47.7 

0-580 

118.8 

0-1,080 

67.4 

0-1,100 

85.0 

180-675 1 

45.5 

Heterophils .... 

2,895-13,985 

35.9 

740-11,970 

29.4 

1,950-7,200 

36.8 

2,885-14,000 

48.5 

2,890-9,570 

30.3 

Thrombocytes per 











cmm 

21,000-36,700 

14.3 

10,000-35,900 

34.5 

14,700-32,550 

32.0 

o 

8 

8.1 

18,300-38,400 

18.9 


Coef. w coefficient of variation «= 7-7- : X 100. 

Arithmetical average 


Statistical examinatioix (table 4) of all the data for chicks receiving crystalline 
vitamin B. in the diet shows that the range and the coefficient of variations of 
each observation of the low levels were similar to the variances noted in the 
negative controls, but, as the amount of vitamin B« added to the ration increased, 
the response became less variable. 

Discussion.* The anemia produced in chicks fed a vitamin B^-free diet may 
be of the hyperchromic type as pointed out by Hogan and Parrott (2). This 
classification is not too specific since we have observed hypochromic as well as 
hyperchromic anemia in our chicks on a purified ration. In addition, when small 
amounts of vitamin Be (5 to 10 meg. per 100 grams of ration) are fed to growing 
chicks, the anemia is distinctly normochromic in nature. 

1 The authors wish to express their appreciation to Dr. E. A. Sharp of the Clinical Investi- 
gation Department for his valuable comments. 














354 C. CAMPBELL, M. M. McCABE, E. A. BEOWN AND A. D* EMMETT 

It is also interesting to note that vitamin Be in doses up to 400 meg. per 100 
grams of ration does not overstimulate the production of the cellular elements 
of chick blood after the normal plane is reached. As previously reported (4), 
20 to 40 meg. of the anti-anemia vitamin per 100 gm. of ration gave nearly 
optimum protection against anemia and thrombocytopenia. We believe from 
the examination of the present data, however, that, instead of 400 meg. of vitamin 
Bo, 20 to 200 meg. of the crystals per 100 grams of basal ration is sufficient for 
normal hematopoietic maintenance in the growing chick for the four weeks of 
life. 

The appearance of perosis in chicks receiving the higher levels of crystalline 
vitamin Be would seem to confirm the observation of Richardson et al. (14) 
that there is a factor concerned with perosis, other than the choline, biotin, and 
manganese. 


SXJMMAET 

1. Data have been presented on the cellular blood elements of normal, vitamin 
Be deficient, and \dtamin Be treated chicks. 

2. Crystalline vitamin Be prevents macrocytic anemia, leukopenia and throm- 
bopenia in chicks during the first four weeks of life. 

3. Chicks raised on a purified ration containing all of the known B vitamins in 
crystalline form along with ample amounts of manganese, still develop perosis. 
This suggests that another unknown perotic factor exists. 
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Literature concerning the rate of water absorption is fairly extensive (1-9), 
but the problem has been approached largely from the point of view of blood 
dilution, tissue water load and diuresis. No organized study has been made of 
the osmotic tonicity changes in various regions of the gastrointestinal tract fol- 
lowing the ingestion of water. Smirk (7), working with rats, has measured 
chloride concentrations following the ingestion of 5 per cent of the body weight 
of water. At the end of absorption (about 1 hr.) fluid in the stomach had a 
chloride concentration of 17.8 m.Eq, per liter, while that in the intestine showed 
98 m.Eq. per liter. Karr and Abbott (10) have made chemical studies on fluid 
withdrawn by the “Abbott-Miller tube’’^ (11) from various sections of the gastro- 
intestinal tract of the intact human subject. Total osmotic activity was calcu- 
lated by adding the chloride and bicarbonate concentrations. In the fasting 
subject “duodenal” samples averaged 90 m.Eq. per liter and “jejunal” samples 
122 m.Eq. per liter. Ten minutes after drinking 400 cc. of water, the “jejunal” 
samples fell to about 100 m.Eq. per liter. 

Direct determination of the actual osmotic activity changes in different sec- 
tions of the gastrointestinal tract following the ingestion of distilled water seems 
desirable, especially since water has been shown to damage the jejunal and ileal 
mucosa, both physiologically and histologically (12), and since water, admin- 
istered to dogs by stomach tube, has been found to pass into a duodenal fistula 
as early as five to ten seconds after introduction into the stomach (13). 

The present investigation was made in order to study the osmotic tonicity 
changes in the contents of the gastrointestinal tract resultant from the ingestion 
of distilled water. 

Peoceduee. Male wMte rats (from Sprague-Dawley Company, Madison, 
Wisconsin) weighing from 225 to 275 gi-ams were used as experimental animals. 
They were starved for 24 hours prior to the experiment, but were allowed water 
ad libitum until one hour before the experiment. 

Water, amounting to two per cent of the body weight, except as otherwise 
noted, containing 2.4 X 10"^ grams Evans blue dye per cubic centimeter, and 
warmed to body temperature, was administered by stomach tube. After ten 
minutes the animals were anesthetized with ether. The abdomen was incised 
and sections of the gut clamped immediately with small-sized hemostats. Sam- 
ple 1 was withdrawn from the stomach, sample 2 from the duodenum, and 

^ The fluid collected in this manner at any point is likely to be dilated with the contents 
of the gastrointestinal tract anywhere above that point. 
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sample 3 from the beginning of the jejunum to the lowest portion of the small 
intestine colored blue by the dye. In some cases an additional sample was with- 
drawn by stomach tube prior to the administration of ether. The samples were 
aspirated into syringes and placed in air-tight bottles kept in the refrigerator 
until the osmotic pressures were determined. Subsequent drainage of the gut 
sections added little if any additional volume. The volumes of the samples col- 
lected and the length of the gut from which they were withdrawn were recorded. 
Blood samples were taken anaerobically from the abdominal aorta just above its 
bifurcation. The blood was set aside for fifteen minutes to clot, then centrifuged 

TABLE 1 


Osmotic activity and chloride concentrations in gastric^ duodenal and jejunal fluids removed 
ten minutes after administration of water by stomach tube 
(Rats anesthetized with ether ten minutes after water ingestion) 


EAT NO. 

SI 

S2 

1 

2 


O.A. 

m.Eq. 

NaCl/kg. 

HiO 

1 

m.Eq./L. 

O.A. 

m.Eq. 

NaCl/kg. 

HaO 


O.A. 

m.Eq. 

NaCl/kg. 

HaO 


O.A. 

m.Eq. 

NaCl/kg. 

HaO 


O.A. 

m.£q. 

NaCl/kg. 

HaO 

(Cl.) 

m.Eq./L. 

3 

31.8 

28.0 

42.1 

41.0 

125.2 

85.0 

163.4 

100.5 

156.5 

101.6 

6 

41.2 

42.5 

51.4 

53.5 

166.8 


168.1 

114.0 

152.4 

107.3 

7^ 

34.3 

34.5 

43.7 


165.2 

100.0 

183.0 

100.0 

160.9 

95.0 

8* 

26.8 

30.0 



175.4 

105.0 

200.7 


160.9 


9 

48.8 

44,0 

74.6 

70.5 

162.1 

94.5 

169.6 

103.0 

163.5 

98.5 

10* 

46.1 

47.0 

48,0 

49.0 

177.1 


195.1 


157.2 

102.0 

A 



25.7 


95.5 






B 



12,7 


94.2 






C 



21.9 


89.7 


164.4 




Bt 



46.1 


117.4 


171.9 




Et 



20,4 


91.1 


153.9 




Mean. 

38.1 


38.7 


132,7 


174.4 

[ 

158.6 



Gut not completely free of fecal material. 

t 3 per cent body weight of HgO given. 

51 = Fluid collected by stomach tube before anesthesia. 

52 = Fluid collected from stomach after anesthesia. 

1 ~ Fluid collected from duodenum. 

2 = Fluid collected from the beginning of the jejunum to end of the dye. 

(2600 r.p.m.) for half an hour and the serum removed. The total osmotic activ- 
ity, both of the gxit samples and the serum, was determined on the Hill-Baldes 
vapor tension apparatus (14) in an atmosphere containing 5 per cent carbon 
dioxide and at a temperature of 37.5®C. The osmotic activity is reported in 
milUequivalents of sodium chloride per kilogram of water. (One milliequivalent 
is equal to 35.90 mm. mercury at 37°0.) In most cases chloride concentrations 
were determined by a semimicro modification of the Volhard method as described 
by Kolthoff (15). 

A second series of animals was employed in the same way except that the 
animals were anesthetized with ether before the water was given. 

Results and discussion. Table 1 shows the osmotic pressure and chloride 
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values for the series of animals that were anesthetized after the ten minute period 
of absorption. It is seen that in these animals the chloride concentrations' and 
total osmotic pressures are approximately equivalent in the stomach samples, 
whereas the total osmotic pressures exceed predictions from the chloride values 
in the duodenum and jejunum. This is as would be expected due to the presence 
of bicarbonate and other anions in the secretions of the small intestine (10). 



Percent Length of Small Intestine 

Fig, la. Osmotic activities, chloride concentrations, and volumes of fluid recovered from 
the gastrointestinal tracts of animals anesthetized after the ten minute period of absorption. 
‘Ter cent length of small intestine is obtained by dividing the length of the segment in 
question by the length of the whole small intestine. The stomach samples are plotted as 
zero length. The total volume recovered from each animal is the sum of the volumes for 
each segment. 

Fig. lb. Values as in figure la for the animals etherized before the ten minute period of 
absorption, 

t 

Figure la relates these values to the portion of the small intestine from which 
the samples were withdrawn. The stomach samples are plotted as zero per cent 
intestinal length. The *‘per cent length of small intestine^’ for the duodenal and 
jejunal samples was determined by dividing the distance from the pyloric sphinc- 
ter to the caudal clamp of the segment in question by the length of the whole 
small intestine (pyloric sphincter to cecum). The volume of the fluid recovered 
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(water unabsorbed) in each segment as a per cent of the water given is also 
plotted in figure la as a function of intestinal length. The volume recovered is 
assumed to be directly related to the quantity given since no fluid could be col- 
lected from the gastrointestinal tracts of animals that were not previously 
given water. 

It is also noted (fig. la) that only ten minutes after administering a larger 
than ^^physiologica?^ quantity of water, the duodenum sometimes, and the 
jejunum always contained at least isotonic fluid. In no case was the duodenal 
sample less than half isotonic. 

Table 2 and figure lb show the corresponding data for the animals which were 
given ether before the water was administered. Certain quantitative differences 
appear; 1. In this latter series of animals there was a greater per cent of fluid 

TABLE 2 


O^smot ic activity and chloride concentrations in gastric, duodenal and jejunal fluids removed 
ten minutes after administration of water by stomach tube 
(Rats anesthetized with ether before administration of water) 


RAT NO. 

s 

1 

2 


O.A. m.Eq. 
NaCI/kg. i 
H2O 1 

1 

(Cl.) 

m.Eq./L, 

O.A. in.Eq. 
NaClAg. i 
H2O 


O.A. m.Eq. 
NaCl/kg. 
H2O 


O.A. m.Eq, 
NaCI/kg. 
H2O 

m.Eq./L. 

11 

28.5 ' 

26.0 

105.8 

72.3 

165.2 

98.0 



12 

15.9 

10.0 

67.3 

46.8 

116.4 


154.7 


13 

33.1 

24.0 

99.6 

61.5 



158.0 

101.5 

14 

18.3 

12.3 

103.4 

74.5 

105.7 

116.8 

i 155.1 

98.8 

15 

14.5 

17.8 



153.6 


158.4 

104.3 

16 

17.0 

17.5 

69.4 

1 51.0 

132.0 

78.8 

160.1 

101,5 

G 

17.5 


121.0 


127.8 




H 

13.9 


81.5 


110.0 




Mean.. 

19.8 


92.6 


141.3 


157.3 



S « Fluid collected from the stomach. 

1 — Fluid collected from the duodenum. « 

2 « Fluid from the beginning of the jejuiiura to the end of the dye. 


recovered, especially from the duodeaum and jejunum. 2. On the average the 
ingested water advanced over 26 per cent of the length of the small intestine, 
rather than over 43 per cent. 3. The osmotic activity values were on the whole 
lower. Statistical analysis (16) shows jthat the probability is slight that these 
differences in the' mean values for osmotic activity readings result from errors 
in random sampling: P for the stomach samples is 0.004, for the duodenal samples 
0.003, and for theiejxmal samples 0.001. 

Since intestinal motility is (Creased under ether anesthesia (17) the amallAr 
portion of intestine travelled may be explained in this manner. The resultant 
decrease in absorptive area (smaller length of intestine) must also be considered 
before concluding that ether actually decreases the rate of absolution from a 
given area of intestinal epithelium. 
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Siace the intestinal secretions are considered approximately isotonic, the 
observation (table 1) that in each case the osmotic activity reading for the jejunal 
sample was in excess of that for the serum was unexpected and led to much 
speculation. The changes in osmotic activity as a function of time on the 
thermocouples (figs. 2 and 3) suggested bacterial activity as a causal agent, 
especially since the humidity, temperature, and gas mixture in the thermocouple 
chamber are such that bacterial growth would be facilitated. A real increase in 
osmotic activity might result from molecular breakdown, i.e., glucose to lactic 
acid or protein to amino acids, and a subsequent decrease in osmotic activity 
from the loss of carbon dioxide and ammonia formed on further breakdown. 






Time in Hours 

Hg. 2. Osmotic activity changes in four jejunal samples as a function of time after drop 
deposition. Note the variation in rate and extent of change. 

Enough substrate to effect any of the observed changes has been calculated to 
be present (18) . Due to the nature of the Hill-Baldes vapor tension method (19) 
an apparent increase in osmotic activity might result from heat production by 
bacterial growth. However, calculations (18) suggest that in these experiments 
heat production probably accounted for only a small part of the observed in- 
creases in osmotic activity. 

That the observed osmotic activity changes in the jejunal samples over time 
are actually associated with bacterial activity is indicated by three types of 
experiments: 1. Both the increase and subsequent decrease in osmotic activity 
can be prevented by a bacterial poison, 0.5 per cent HgCh (fig. 4). Moreover 
when the drop was poisoned during the course of the experiment, the rapid de- 
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crease m osmotic activity was stopped immediately. 2. Twenty-four hour pure 
cultures of lactobacillus acidophilus, chosen as the most abundant inhabitant of 
the upper small intestine of the rat (20), exhibited changes qualitatively similar 



Time in Hours 

Fig. 3. Osmotie activity changes in eighteen jejunal samples as a function of time after 
drop deposition. The curve represents the calculated mean. 



Time in Hours 

Fig. 4. Three experiments showing the effect of 0.5 per cent mercuric chloride upon the 
osmotic activity changes with time after drop deposition of jejunal fluids. 

to those of the jejunal samples, Avhereas Zeitz filtrates behaved as the poisoned 
gut samples. 3. In two instances bacterial counts (extinction to dilution 
method, 21) showed that the actual number of organisms was increased in the 



OSMOTIC ACTIVITY OF GASTROINTESTINAL FLUIDS 


361 


course of these experiments. Initial counts were 10,556 and 25,333 organisms 
per cc. At the peak in the osmotic activity increase in the former 9,138,889 
organisms per cc. were present; shortly after the peak in the latter 77,900,000 
organisms per cc. were present. The apparent hypertonicity of the jejunal 
samples initially observed, therefore, cannot be regarded as representative of 
osmotic relationships at the time of sample collection. Since the samples were 
ordinarily allowed to stand at room temperature for one to two hours before the 
osmotic pressure determinations were begun, the possibility of some bacterial 
activity during that time cannot be excluded. The results obtained with three 
samples poisoned with 0.5 per cent mercuric chloride immediately after collection 
(table 3) suggest that the marked hypertonicity of jejunal samples such as those 
listed for rats 7, 8, and 10 in table 1 is produced by bacterial activity subsequent 
to the time of collection. It is noted that these samples contained fecal material. 

These observations on the time course of changes in osmotic activity of in- 
testinal fluid samples point to the necessity of control of this factor in*studies in 
which micro-organisms and organic materials are present. 


TABLE 3 

Osmotic activity of jejunal samples poisoned with 0.5 per cent BgCh o>nd corresponding 

serum samples 


ItAT NO. 

OSMOTIC ACTIVITY IN m.Eq. NaCl/kg. H 2 O 

Jejunal samples’" 

Serum 

26 

151.3 

159.3 

28 

163.1 

160.7 

29 

173.3 

159.7 


* Corrected for the 0.6 per cent HgCh added. 


GENERAL SUMMARY AND CONCLUSIONS 

1. Adult male white rats were fed by stomach tube 2 per cent of their body 
weight of water. After a ten minute period of absorption, samples were with- 
drawn from the stomach, duodenum, and jejunum. Two series of animals were 
employed: one in which the animals were anesthetized after the .absorption 
period was completed, and one in which they were etherized before the water was 
administered. 

2. All of the samples collected from the jejunum were approximately isotonic 
or slightly hypertonic, while those from the duodenum frequently were hyper- 
tonic* The stomach samples averaged 30 mEq. sodium chloride per kgm. of water. 
The volumes of fluid recovered agree roughly with those reported in the liter- 
ature. Less concentrated fluid and larger volumes were recovered from the 
animals anesthetized before the water was given, than from those that were not 
etherized until later. The water given apparently progressed, in the latter 
series, farther down the gastrointestinal tract than it did in the former series. 

3. Factors which might account for the apparent hypertonicity observed in 
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some of the jejunal samples were investigated. Evidence has been presented 
indicating that the apparent hypertonicity is associated with bacterial activity. 
Observations upon jejunal samples poisoned immediately after collection indicate 
that the fluid is probably appi'oximately isotonic at the time of collection. 

4. It is essential that osmotic activity measurements on fluids contaminated 
with micro-organisms and containing a metabolizable substrate be made virtually 
instantaneously upon collection or after prompt poisoning of enzymes and micro- 
organisms. 

Acknowledgment is made to Dr. Maurice B. Visscher and Dr. Nathan Lifson 
or suggestions and assistance in this investigation. 
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That there is a relationship between the ovaries and the thyroid in mammals 
has been observed and speculated upon for many years. The appearance of 
adolescent goiter and goiter during the climacteric has been noticed probably 
since the dawn of history. Until recently, however, the problem has been given 
relatively little attention from an experimental standpoint. 

As to the effect of ovarian extracts on the thyroid, Elmer (2) admits controver- 
sies in the literature and states that further investigation is needed. Nakamura* 
(14) was apparently the first one to study the effects of the hormones of the pla- 
centa and anterior lobe of the pituitary, and of the ovary on the iodine content of 
the thyroid. According to Hays (6) this report is so general, and the absence of 
quantitative data so obvious in the report that intelligent conclusions cannot be 
drawn. Petrova (16) found that in rabbits, under the influence of folliculin,the 
iodine content of the thyroid and of the blood decreased sharply as a result of a 
repression of the thyroid secretion. Kunde et al. (11) found no change in the 
thyroids of dogs receiving estrin for seventeen weeks. A repression of the 
activity of the rat thyroid by injections of menformone was observed his- 
tologically by Heyl et al. (7). Bena25zi (1) reports that the administration of 
folliculin in large doses slows the functional rhythm of the mouse thyroid almost to 
the point of causing complete inhibition to the resorption of the colloid substance. 
The weight of the thyroid, according to Pincus and Werthessen (17), increased as a 
result of continued injection of theelin into young rats. The increase in weight 
of the thyroid was interpreted as meaning hypertrophy. Freudenberg and Clau- 
sen (3) observed a decrease in the weight of the thyroid of rats injected 
with theelin. Kreitmair and Seickmann (10) found that histological examination 
showed the thyroid glands of infantile rats injected with diethylstilbestrol to be 
resting and filled with colloid. 

The inhibiting effect of the natural estrogens on growth in the rat has been 
observed by Spencer et al. (22) and Freudenberger et al. (3) . The administration 
of diethylstilbestrol has been found by Noble (15), Gaarenstroom et al. (4), and 
Hellish et al, (13) to inhibit growth in the rat. 

In addition to the estrogenic properties of diethylstilbestrol, workers (5, 10, 12, 

1 The data presented in this paper are taken from a Thesis submitted by Virgil L. Koenig 
to the Faculty of the University of Colorado in partial fulfillment for the degree, Doctor of 
Philosophy, in 1940. 

2 Now with Armour Laboratories, Armour and Company, Union Stock Yards, Chicago, 
Illinois. 
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20, 23) have observed toxic manifestations when diethylstilbestrol was adminis- 
tered in large doses to experimental animals. Among the toxic ssnnptoins were 
kidney damage, liver damage, gastric ulcer, penumonia, and blood damage. 

From a survey of the literature on the subject, it is not hard to agree with 
Elmer (2) that there is need for a more thorough investigation of the thyroid- 
ovarian relationship, and especially the effect of estrogens on the thyroid. It was 
the purpose of this investigation to study the effect of estrone and diethylstilbes- 
trol on iodine content of the thyroid and on the rate of growth in rats. 

Methods and pboceduees. The method used in this investigation for the es- 
timation of iodine in the individual rat thyroid was that of Koenig and Gustavson 
(9). After the thyroids were removed from the animal they were placed in a 
little absolute alcohol until analyses could be made. 

Thyroid tissue has great affinity for iodine, hence it was necessary to control 
the iodine intake of the experimental animals. This was accomplished by pre- 
paring a diet deficient in iodine and by administering known quantities of iodine 
as potassium iodide intraperitoneally' when desired. Remington, Levine and 
von Kolnitz (19) found that a diet contaming 47 to 72 parts per billion of iodine 
produced in rats a simple goiter which was alleviated by the addition daily of 1 to 
2 micrograms of iodine as potassium iodide to the diet for $ach animal. More 
recently, Remington (18) and Sharpless (21) kept rats on iodine deficient diets 
and reported such diets to support normal growth and reproduction despite the 
fact that the thyrroids were almost completely devoid of iodine and colloid. . 

In this investigation a diet proposed by Professor Wilgus of Colorado State 
College was used. Its composition expressed in parts per hundred was: ground 
yellowcom, 61.0; oat groats, 20.0,” soybean oil meal (expeller process), 12.0; dried 
yeast residuals (brewers’, Anheuser-Busch), 7.5; manganese sulfate, technical, 
0.015; crude casein, 6.0; steamed bone meal, 2.5; sodium chloride, 1.0; and 1,000 
D oil (activated animal pro vitamin D oil obtained from Dr. J. J. Waddell, Du- 
pont de Nemours, Inc. , diluted with cottonseed oil to a potency of 1 ,000 units per 
gram), 0.05. The iodine content of this diet by L. P. Ferris was found to be 21 
parts per billion. Distilled water was given to the animals for drinking purposes. 
Estrone and diethylstilbestrol were used in the investigation. In order to com- 
pare the effect of estrone and diethylstilbestrol on the thyroid, it was necessary to 
give estrogenicaJly equivalent doses. Ten rat units in each instance as found by 
Koenig et al. (8) were given subcutaneously each day. 

Sixty female rats of the Yale strain about three weeks old and averaging 45 to 
50 gra^ms in weight were placed on the iodine-deficient diet and distilled water. 
These rats were weighed weekly. The rats were divided into three groups of 
twenty each. One group served as controls, the second group received 10 rat 
units (30 micrograms) of estrone dissolved in 0.2 ml. of olive oil subcutaneously 
each day, and the third group received 10 rat units (9.4 micrograms) of diethyl- 
stilbestrol dissolved in 0.2 ml. of olive oil subcutaneoudy each day. The site of 
injection was changed each day. At the end of twelve weeks the animals were 
sacrificed by injecting a 20 per cent solution of magnesium sulfate into the heart. 
The thyroids of a portion of the animals were removed and placed in Benin’s 
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fluid for histological study. The thyroids of the remaining, including a small 
piece of the trachea to insure complete removal of thyroid, were removed and 
placed in a small quantity of absolute ethyl alcohol until iodine determinations 
could be made. 

Another group of sixty female rats of the Yale strain about three weeks old and 
averaging 40 to 50 grams in weight was placed on the same diet and distilled 
water. Each day these rats received intraperitoneally 2.44 micrograms of iodine 
as potassium iodide dissolved in 0.2 ml. of water. The weights of these rats were 
recorded weekly. These rats were divided into three groups of twenty each. 
One group served as controls, the second and third groups received ten units of 
estrone and diethylstilbestrol respectively as described above. At the end of 
twelve weeks, they were sacrificed in the same way as above. The thyroids from 
some of the animals of each group were used for histological study, while the 
thyroids of the rest of the animals were analyzed for iodine. 

Results. The final average weights of the animals kept on the low iodine diet 
were as follows: for the controls, 218 grams, for estrone-treated, 184 grams, and 
for diethylstilbestrol-treated animals, 160 grams. The weekly weighings of the 
animals showed the same trend in their differences that was manifested in the 
final average weights. 

Certain toxic manifestations were noticed in the animals treated \vith diethyl- 
stilbestroL Nine out of twenty rats died before the end of twelve weeks. Upon 
autopsy, there were cheesy spots on the lungs, and the livers were spotted. 
These rats were emaciated, their body temperatures were low, and they had pro- 
nounced alopecia. Abscesses were found under the skin at the sites of injection. 
At the end of twelve weeks, when the rest of the animals were sacrificed, aU the 
diethylstilbestrol animals had pronounced alopecia, and a number had ovarian 
cysts. In general, they appeared much worse than the other test animals. No 
striking symptoms were seen in the animals treated with estrone. 

The results of the iodine determinations are given in the table. The average 
values show the estrone- and stilbestrol-treated animals to have a lower iodine 
content than the controls. The average iodine content of the thyroids of the 
controls is 2.20 micrograms, estrone-treated animals 1.45 micrograms, and 
diethylstilbestrol-treated animals 1.36 micrograms. 

The average weights at the end of twelve weeks of the animals kept on the low- 
iodine diet supplemented with 2.44 micrograms of iodine each day in the form of 
potassium iodine were as follows: for the controls, 195 grams, for estrone, 159 
grams, and for diethylstilbestrol, 154 grams. The final average weights reflect 
a trend which was characteristic of the weekly weighings throughout the experi- 
mental period. 

The toxic effects of stilbestrol were not as striking as in the first series; however 
a few of the animals died before the experimental period was over. At the end of 
the twelve weeks when all the animals were sacrificed, the diethylstilbestrol 
animals had greatly enlarged pituitaries, spotted livers, and some of them had 
hyperemic uteri and ovarian cysts. Subcutaneous abscesses were found at the 
site of injection. Several suppurative tumors were seen in the abdominal cavities 
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of a number of the animals. All the diethylstilbestrol-treated animals were 
devoid of fat around the uteri and ovaries. Subcutaneous abscesses were seen in 
rats treated with estrone, and one or two ovarian cysts and spotted livers were 
observed, but the symptoms were not as pronounced as those of the diethylstih 
bestrol-treated animals. 

The results of the iodine determinations are given in the table. The average 
value for the controls is 13.4 micrograms, for estrone-treated 18.5 micrograms, 
and for diethylstilbestrol-treated animals 11.4 micrograms. 


TABLE 1 


Iodine content of thyroids 



S.D. = Standard deviation. 

S.E. « Standard error. 

ilf 1 - Jlf 2 

C.It. (Critical ratio for significance) « + (SE)| 


Discussion. Under the conditions of administration, diethylstilbestrol 
seemed to be more toxic than estrone. The toxic manifestations seemed to be 
much more evident on the low-iodine diet than on the low-iodine diet plus iodine. 
It is probably safe to assume that with inadequate iodine intake diethylstilbestrol 
was less rapidly metabolized and therefore was more toxic. Similar findings, but 
to a lesser degree were observed in the estrone-treated animals. 

The administration of estrone and diethylstilbestrol retarded growth signifi- 
cantly in both groups of animals. In the group of animals kept on the low iodine 
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diet, diethylstilbestrol seemed to retard more than estrone — a difiEerence of 58 
grams and 34 grams, respectively, in the final average weights. With the animals 
on the low-iodine diet plus iodine, growth was retarded less by diethylstilbestrol 
although the final average weights were somewhat less than in the other group. 
For diethylstilbestrol and estrone, the weight decrease was 41 grams and 36 grams 
respectively. The adequate supply of iodine in the last group enabled 
metabolism to proceed at a more normal rate, thus accounting for a lower firiRl 
average weight than in the group of animals without iodine added to the diet. 
The appetites of the animals kept on the iodine supplemented diet were better 
than those of the animals kept on the deficient diet. 

There was a highly significant depression of the iodine content of the thyroids 
by diethylstilbestrol and estrone in the group of kept on the iodine defi- 

cient diet, inasmuch as the critical ratios (3.24 and 3.09, respectively) indicate a 
probability of less than one in one hundred that the difference is due to chance. 
The amount of depression seemed about equal in both cases. In the animals to 
which iodine was administered, considerable variation was experienced in the 
iodine content of the thyroids, and no statistical significance could be attached to 
the differences. Perhaps this variation is due to the great variation with which 
iodine is utilized by the thyroids of different animals as well as the variation in the 
size of the thyroid glands .themselves. In any event, it is difficult to draw 
a definite conclusion about the effect of estrogens on the iodine content of the 
thyroids of animals receiving adequate iodine. 

The authors are indebted to Dr. David Green of Merck and Company for the 
diethylstilbestrol, to Dr. Oliver Kamm of Parke, Davis and Company for the 
estrone, and to Prof. F. C. Koch for criticizing the manuscript, 

SUMMARY 

1. The administration of estrone and diethylstilbestrol over long periods of 
time retard significantly the growth of rats kept on diets deficient in iodine as well 
as when adequate iodine is available, 

2. The toxic properties of diethylstilbestrol are more pronounced than estrone 
when given in estrogenically equivalent doses. Toxic manifestations are more 
accentuated in animals on an iodine deficient diet than on a normal diet. 

3. Both diethylstilbestrol and estrone cause significant depression of the iodine 
content of the thyroids of rats kept on an iodine deficient diet. 
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The influence of amino acids and proteins on plasma protein regeneration has 
been extensively studied in hypoproteinemic dogs by several methods. Weech 
(1), for example, depleted dogs by feeding a low protein diet after which the 
protein intake was increased and plasma albumin regeneration was measured. 
Whipple and co-workers (2-4) used the plasmapheresis technique to deplete the 
animals and to measure the plasma protein regenerations. Melnick, Cowgill 
and Burack (6) used a similar technique, but fed “equal absolute amounts of the 
respective proteins above the minimum of each required to establish nitrogen 
equilibrium.’^ This method assumes that the nitrogen excretion and the utili- 
zation of proteins are the same in both normal and depleted dogs. 

There is a need for a method for the study of plasma protein regeneration in 
which the regeneration of the various plasma proteins can be correlated with 
the source of dietary nitrogen and the nitrogen balance produced. The method 
described below was developed so that the nitrogen excretion before, during and 
after regeneration could be measured, utilization of the protein calculated, regen- 
eration of plasma proteins determined and nitrogen balances established. The 
dogs were depleted by a combination of protein-free feeding and plasmapheresis; 
the latter performed during the depletion period in order to hasten the protein 
depletion process. 

Methods. Normal dogs were starved for three days and placed on the pro- 
tein-free diet used by Allison and Anderson (6). The diet consisted of 21,6 per 
cent sucrose, 19.4 per cent dextrin, 32,9 per cent dextrose, 21.8 per cent lard, 
1,8 per cent Wesson’s modified Osborne-Mendel salt mixture (7) and 2.5 per 
cent agar. The following vitamins were included in the diet; thiamin, ribo- 
flavin, nicotinic acid, calcium pantothenate, pyridoxine, choline, 2-methyl-l- 
napthoquinone and vitamins A and D. The dogs received daily 70 calories of 
food per kilogram body weight. 

After six to ten days of partial depletion of protein reserves by protein-free 
feeding, plasmapheresis was performed daily for two to five days. During 
plasmapheresis one quarter of the blood volume of the dog was removed each 
day and an equivalent amount of washed red blood cells, suspended in physi- 

^ The data presented are taken from a thesis presented in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy in the Department of Physiology and 
Biochemistry, Rutgers University, New Brunswick, New Jersey. 

This investigation was made possible through a fellowship granted by the Sharp and 
Dohme Company, Glenolden, Pennsylvania. 

Some of these data were presented before the Division of Biological Chemistry at the 
108th meeting of the American Chemical Society, New York, September, 1944. 
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ological saline, reinjected inuinediately. This was followed by protein-free feed- 
ing alone until the plasma protein concentration of the dog remained at a rela- 
tively constant value between 4.0 to 4.5 grams of protein per 100 ml. of plasma 
for five days. 

Proteins and protein hydrolysates were fed orally or injected intravenously 
into the dogs for another period of five da 3 rs. The protein was included in the 
diet by replacing equivalent amounts of calories from the carbohydrates. Fol- 
lowing the five day protein-feeding period, the dogs were again fed the protein- 
free diet until the plasma proteins returned to the previous concentrations on the 
protein-free diet. 

Five day nitrogen balances were determined during the experiment. A control 
balance was carried out during the first five days of protein-free feeding. A 
second balance was determined just before the feeding period (fore-period). 
This balance measured the “endogenous” nitrogen excretion of the dog in the 
depleted state. Another balance was carried out during the five days of protein 
feeding (protein-intake period). A fourth nitrogen balance was determined im- 
mediately after the end of the protein-intake periods (after-period). The dogs 
were catheterized before and after each balance period. The urine was acidified 
with H 2 SO 4 and collected under toluene. Carmine red capsules were used to 
naark the feces which were collected in friction-top cans. The urine and feces 
for each period were pooled and kept in the ice box until analyzed. 

Daily 10 ml. blood samples were collected from the jugular vein, using heparin 
as an anticoagulant for plasma protein determinations. Plasma volume deter- 
minations were carried out twenty-four hours after the last day of feeding in 
each period using the T-1824 dye method of Gregersen and Stewart ( 8 ). Blood 
samples were taken at 9 :00 a.m. and the dogs were fed at 1 :00 p.m. Catheteri- 
zation was performed just before feeding. 

The plasma was analyzed for total protein, albunrin, ^obulin and non-protein 
nitrogen. The chemical fractionation of the plasma was carried out by the 
method of Howe (9) as modified by Robinson, Price and Hogden (10) which 
is baaed upon the precipitation of globulin by 22.5 per cent Na 2 S 04 at 37°C. 
The total nitrogen of the filtrates and diluted plasma as well as of the urine and 
feces was determined by the Pregl micro-Kjeldahl method. After correcting for 
non-protein nitrogen the remaining nitrogen of the plasma was converted into 
protein by the factor 6.25. Globulin was determined by subtracting the albumin 
from the total plasma protein. 

Resui/ts. The effect of protein depletion upon the nitrogen excretion on a 
protein-free diet (N.E.o) is recorded in table 1 . The urinary nitrogen excretion 
in the control period was 0.193 gram of nitrogen per kilogram body weight per 
day. After depletion the average urinary nitrogen dropped to 0.106 gram of 
nitrogen per kilogram per day. The extent of depletion is reflected in the drop 
in plasma protein concentration from a control of 5.99 grams per cent to 4.51 
grams per cent in the depleted state. Dogs with a lowered urinary nitrogen 
excretion and plasma protein concentration were used to study the plasma pro- 
tein regeneration. 
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Figure 1 (dog 28-2) illustrates the results of regeneration of plasma proteins 
in which bovine serum protein was the source of dietary nitrogen. The dog 
received orally 0.36 gram of protein nitrogen per kilogram body weight. The 
animal was put into a nitrogen balance of +0.14 gram of nitrogen per kilogram 
per day (table 2). The average plasma protein concentration during the fore- 
period was 4.34 grams per cent. After the fourth day of protein feeding the 
plasma protein concentration showed a definite rise, reaching a maximum value 
of 5.00 grams per cent two days later. The concentration remained elevated 
for five days and then dropped quickly to the fore-period level. 

The concentration of plasma albumin and globulin for dog 28-2 during the 
experiment are illustrated below the curve for total protein in figure 1. There 
was no change in globulin concentration during the experiment, remaining at an 
average value of 1.94 grams per cent. All the rise in plasma protein concen- 
tration was the result of an increase in plasma albumin. The albumin concen- 

TABLE 1 


Plasma ^protein concentration and urinary nitrogen excretion on a protein free diet (N.E,o) 

before and after depletion 


DOG. NO. 

! PLASMA PIOTEINS 

TmiNAPy NITROGEN EXCRETION ON PROTEIN 
PREE DIET (N.E.o) 

Control 

Depleted 

Control 

Depleted 


gms, % 

gm.% 

gms,/kih/day 

gm./kilo/day 

32-1 

5,07 

4.27 

0.231 

0.138 

28-1 


4.66 

0.197 


31-1 

5.94 1 


0.157 

0.118 

30-2 

6.20 i 

4.46 

0.178 


33-1 

6.40 

4-23 

0.232 

0.109 

27-1 

6.96 1 

4.59 

0.170 

0.096 

30-1 

6.40 

4.66 

0.184 

0.092 

Ave 

5.99 

4.51 

0.193 

0.106 


tration increased from 2.40 grams per cent in the fore-period to a maximum of 
3.20 grams per cent. Since the animal was depleted primarily in the albumin 
fraction and less in the globulin, the increase in plasma protein concentration 
during regeneration was the result of a return toward normal of that protein in 
which the dog was most depleted. 

The plasma volume determinations on dog 28-2 in figure 1 were made to cor- 
rect for any changes in protein concentration which could result from fluid 
shifts alone. Since there were no marked changes in plasma volume during this 
experiment the curves drawn through the points of concentration give a true 
picture of shifts in total circulating proteins. 

Dog 31-1 received orally 0.20 gram of nitrogen per kilogram per day of bovine 
serum protein. The nitrogen balance produced was +0.06 (table 2) instead of 
+0.14 gram nitrogen per kilo per day in the previous experiment. Again the 
rise in plasma protein concentration came after several days of protein feeding 
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but the retum to the depleted state was more rapid (fig. 1). Thus, with less 
nitrogen available for growth there was a smaller increase in plasma protein 
concentration and a more rapid retum to the depleted state. As in the previous 
experiment the dog was depleted primarily in plasma albumin and regeneration 
was restricted to this plasma protein. Plasma volume changes were not marked. 
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Fig. 1. The effect of protein feeding upon plasma protein regeneration in six depleted 
dogs. Dogs 28-2, 33-1 and 28-3 received respectively 0.35, 0.20, and 0,09 gram of bovine 
serum protein nitrogen per kilogram per day during the feeding period. Dogs 30-2 and 
28-4 received 0.36 gram of casein nitrogen per kilogram per day and dog 33-2 received intra- 
venously 0.37 gram of amigen nitrogen per kilogram per day. 


Dog 28-3 was fed orally 0.09 gram of nitrogen per kilogram per day of bovine 
serum protein during the feeding period. The dog was in nitrogen equilibrium 
with a nitrogen balance of 0.00 (table 2). As there was no nitrogen available 
for growth the plasma protein showed no indication of sustained regeneration 
(fig- !)• 
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These data demonstrate that a positive nitrogen balance is necessary for 
plasma protein regeneration and that the degree and duration of regeneration is 
dependent upon the magnitude of this positive balance. 

Casein was fed orally in another experiment on a depleted dog (dog 30-2). 
This dog was fed 0.36 gram of nitrogen per kilogram per day and maintained a 
nitrogen balance of +0.11 during the feeding period (table ^). This dog like 
the others was taken from the constant state of depletion through a regeneration 

TABLE 2 

Nitrogen intake^ urinary nitrogen, fecal nitrogen and nitrogen balances for six depleted dogs 
before, during and after protein feeding 


The bovine serum protein and casein were fed orally. The amigen was fed intra- 
venously. All the periods were five days. 


DOG NO. 

PROTEIN SOURCE 

PERIOD 

NITROGEN 

INTAKE 

NITROGEN 
URINARY 1 

NITROGEN 

PECAL 

NITROGEN 

BALANCE 




gms.jhilojiay 

gms.fkilo/day 

gms.lkilofday 

gmsjkilofday 

28-2 

Bovine serum 

* Fore 

0 

0.09 

0.03 

-0.12 



Feeding 

0.35 

0.16 

0.05 

+0.14 



After 

0 

0.08 1 

0.02 

-0.10 

31-1 

Bovine serum 

Fore 

0 

0.12 

0.03 

-0.15 



Feeding 

0.20 

0.12 

0.03 

+0.05 



After 

0 

0.09 

0.02 

-0.11 

28-3 

Bovine serum 

Fore 

0 

0.08 

0.02 

-0.10 



Feeding 

0.09 

0.07 

0.02 

0.00 



After 

0 

' 0.07 

0.02 

-0,09 

30-2 

Casein 

Fore 

0 

0.11 

0.04 

-0.15 



Feeding 

0.36 ; 

0.21 

0.04 

+0.11 



1 After 

1 


0.09 

0.03 

-0.12 

28-4 

Casein 

Fore 

0 

0.07 

0.02 

-0.09 



Feeding 

0.36 

0.15 

0.03 

+0.18 



After 

0 

0.06 

0.02 

-0.08 

33-2 

Amigen* 

Fore 

0 ^ 

0.10 

0.03 

-0.13 



Injection 

0.37 ! 

0.29 

0.03 

+0.05 

4 


After 

0 

0.06 

0.02 

-0.08 


* Injected intravenously. 


period and back to the depleted state (fig. 1). The same lag period between the 
initial protein feeding and the regeneration of plasma protein is evident in these 
data. There is one difference between this experiment and those described for 
bovine serum protein. The regeneration is not limited to albumin, but includes 
the globulin fraction. A duplicate e3q)eriment on casein produced the same 
stimulation of globulin regeneration (dog 28-4). Thus there may be differences 
between proteins in their ability to stimidate regeneration of the various fractions 
of plasma proteins. 
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This method of study may be applied to iutraveuously fed protein hydrol- 
ysates as well as orally fed protein. In table 2 are the results on dog 33-2 from 
an experiment in which a casein hydrolysate ^^amigen”^ was administered intra- 
venously. The dog received 0.37 gram of nitrogen per kilogram per day for 
five days producing a nitrogen balance of +0.05 gram of nitrogen per kilo per 
day. The plasma proteins (fig. 1) increased from a pre-injection level of 4,3 
grams per cent to a maximum of 4.7 grams per cent. The rise in plasma protein 
was confined primarily to the globulin fraction where the concentration rose 
from an average of 2.3 grams per cent in the foreperiod to the maximum of 2.7 
grams per cent. The plasma volume showed no appreciable changes. 

The areas under the curves showing the change in concentration of plasma 
proteins from the depleted state through regeneration and back again to the 

TABLE 3 

The plasma albumin and globulin concentrations in protein depleted dogSj the source of protein 
fed for a period of five dags to the depleted dogs^ the nitrogen balances obtained, and 

regeneration areas 


The regeneration area was taken to be the area under curves (grams per cent of plasma 
protein vs. days) rising above the plasma protein concentration in the depleted state 
(see fig. 1). 


depleted state 

protein soxirce 

NITROGEN 

REGENERATION AREA (A PROTEIN X DAVS) 

Albumin 

Globulin 


Total protein 

Albumin 

Globulin 

gms. % 

2.4 j 

gms. % 

2.0 

Bovine serum 

gms./kito/day 

0 

0 

0 

0 

2.4 

2.3 

Bovine serum 

-1-0.05 

0.7 

0.7 

0 

2,4 : 

1.9 

Bovine serum 

+0.14 

5.1 

5.1 

0 

1,6 

2.6 i 

Bovine serum 

+0.15 

3.6 

4.7 

-1.1 

2.5 

2.0 

Casein 

+0.11 

2.6 

1.3 

1.3 

2.2 

2.1 

Casein I 

+0.18 

3.3 

1.4 

1.9 

1.9 

2.4 

Amigen* 

+0.05 

1.8 

0.2 

1.6 


* Intravenous. 


depleted state may be used to measure the degree of plasma protein regeneration. 
The regeneration areas for bo\dne serum protein, casein and amigen are recorded 
in table 3. The regeneration area of total protein and albumin increased with 
increasing positive nitrc^en balances when bovine serum protein was fed at 
different levels. When casein was fed orally the regeneration areas of ^both 
albumin and globulin increased. The intravenous feeding of the casein-hydrol- 
ysate ^‘amigen,” under the experimental conditions used, caused an increase 
primarily in ^obulin. 

The biological values of the proteins fed orally and intravenously to depleted 
dogs are tabulated in table 4. The values were calculated by the method of 
Allison and Anderson (6) assuming that their equation for biolo^cal values in 

* “Amigen’’ is the trade name for the casein hydrolysate prepared by Mead Johnson and 
Company, Evansville, Indiana. 
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normal dogs in negative or low positive balance would be applicable for protein- 
depleted dogs. The biological values for bovine serum protein and casein fed 
orally was 0.98 and 0.97 respectively. Amigen which was administered intra- 
venously had a biological value of 0.75 and three different pancreatic hydrol- 
ysates, also given intravenously, showed values of 0.42, 0.37 and 0.00. 

Discussion. Protein depletion in dogs causes a corresponding drop in uiinary 
excretion of nitrogen on a protein-free diet. This decrease in “endogenous” 
nitrogen has been reported in humans by Deuel et al. (11) and diown to be 
primarily due to a decrease in urea nitrogen. The depleted dog tends either to 
conserve body nitrogen or the protein catabolism decreases as a result of a smaller 
amount of protein available f»r this process. The decrease in urinary nitrogen 
during protein depletion may be used to indicate the degree of hypoproteinemia. 

The amoimt of plasma protein regeneration which occurs on feeding proteins 
to protein-depleted dogs seems to be dependent upon the degree of positive 
nitrogen balance. Dogs receiving protein either orally or intravenously in 

TABLE 4 

Absorbed nitrogen at equilibrium and biological values for depleted dogs 


The bovine serum protein and casein were fed orally. The amigen and the three dif- 
ferent pancreatic hydrolysates were fed intravenously. 


POG NO. 

PROTEIN SOimCE 

ABSOXBEP NITROGEN 
AT EQUrLEBMUM 

B.V. 

31-1 

Bovine serum 

gms,/kilol4ay 

0.142 

0.98 

32-1 

Casein 

0.165 

0.97 

21-5 

Amigen 

0.191 

0.75 

21-2 

Pancreatic hydrolysate (A) 

0.307 

0.42 

30-1 j 

Pancreatic hydrolysate (B) 

0.396 

0.37 

27-1 1 

Pancreatic hydrolysate (C) 


€.00 


amounts which keep them in negative or zero nitrogen balance do not regenerate 
plasma protein. Animals which are fed enou^ protein to put them in positive 
nitrogen balance exhibit definite rises in plasma protein concentration. The 
regeneration areas are roughly proportional to the extent of positive balance. 
Definite lag periods of from two to three days after the initial protein feeding 
occur before the plasma protein concentration increases above the fore-period 
levels. This lag in regeneration may be the result of the protein being used for 
the formation of proteins in the body other than plasma protein. The amount 
of nitrogen used for the formation of iriasma proteins is less than 10 per cent 
of the nitrogen that the dog utilizes. The lag period is not due to a change in 
daily utilization of Ihe protein. Later experiments in which the dogs were 
catheterized each day riiowed that the urinary nitrogen excretion was constant 
throu^out the feeding period. Holman, Mahoney and Whipple (2) reported 
similar lag periods in their regeneration experiments. 

The type of plasma protein regenerated by depleted dogs appears to be spedfic 
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for the individual proteins fed. Under the experimental conditions used beef 
serum protein regenerated primarily albumin, casein regenerated both albumin 
and globulin and amigen ^ven intravenously favored globulin formation. How 
much of the regeneration of globulin can be attributed to something specific in 
casein or casein hydrolysates is open to further experimentation. 

Although casein and bovine serum protein showed differences in the type of 
plasma protein regenerated, the biological values were almost equal. The bi- 
ological values of casein and bovme serum protein in normal dogs also are ap- 
proximately the same, but lower than those obtained on -yie depleted dog. Alli- 
son and Anderson (6) report a biological value for casein of 0.81. The values 
for casein and beef serum protein in the depletedrfiogs are 0.97 and 0.98 respec- 
tively. Too much significance cannot be attached, however, to these values 
until more complete data are available to show the change of biological value with 
increasing nitrogen intake in depleted dogs. If the degree of positive nitrogen 
balance determines the extent of plasma protein regeneration, the determination 
of the utilization of various proteins in the depleted animal would be an index 
to the amount of plasma protein the dog would regenerate. Further investiga- 
tion is necessary to verify this possibility. 

. SUMMABT 

1. A method is described for the quantitative study of plasma protein regen- 
eration in dogs which takes into conaderation the biological value of the protein, 
nitrogen balance and specific effects on plasma albumin and globulin formation. 

2. The urinary nitrogen excretion on a protein-free diet is decreased in protein 
depleted dogs. 

3. Under the experimental conditions used beef serum protein fed orally 
causes regeneration of albumin, casein favors both albumin and ^obulin regen- 
eration and the casein hydrolysate “amigen” administered intravenously stimu- 
lates ^obulin formation. 

4. Plasma protein regeneration in hypoproteinemic dogs increases with in- 
creasing positive nitrogen balance. 

5. The biological values of orally fed bovine serum and casein protein and 
intravenously fed casein hydrolysate and three pancreatic hydrolysates are 
presented. 


The author wishes to express his indebtedness to Dr. James B. Allison and 
Dr. William H. Cole of the Department of Physiology and Biochemistry, Rutgers 
University, for their interest, advice and encouragement during the course of 
this investigation. 
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Results. Four t3rpes of experiments were performed on each of three trained 
male subjects. These observers were students ranging in age from 15 to 17 years, 
who had no physical or ocular abnormalities. All experiments were carried out 
in the morning, the subjects having had no food since the previous evening. 



0 40 80 120 160 200 240 280 320 

TIME (MINUTES) 

Fig, 1. The reversal of the effects of anoxia by glucose. The results of experiments on 
three subjects are represented. Differential intensity thresholds are plotted against time. 
Each point is the mean of ten measurements. The vertical line through each point denotes 
plus and minus the standard deviation- A rise in the curve signifies impairment of visual 
sensitivity. 

After the administration of glucose, the curve drops while the blood sugar (broken curve) 
rises. Subject Wa shows a secondary rise coincident with the subsequent fall of the blood 
sugar curve. 

A. The reversol of the effects of atioxia by glucose^ The results and procedure 
are indicated in figure 1, where visual thresholds are plotted against time. Fach 
point represents the mean of ten measurements; the length of the vertical line 
through each point represents plus and minus the standard deviation (in loga- 
ri th mi c unit s). The standard deviations were determined by the expression <r == 
VSdVn — 1 where d is the deviation of each measurement Oogio A/) from the 
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mean, and n is the number of measurements. The standard deviations are a 
measure of the variability of each group of measurements. 

After several groups of measurements had been made in normal air, containing 
20.9 per cent oxygen, the oxygen tension was reduced to the indicated value 
(fig. 1). The notation ^‘ascent’’ denotes a gradual reduction in the oxygen per- 
centage; otherwise the change in the composition of the inspired air was abrupt. 
Readings were taken until a constant threshold was reached. In all cases, an 
elevation of the threshold was observed. Oxygen was then administered in order 
to demonstrate the reversibility of this change, and the rapidity with which it 
could be brought about. In general, the sam^ level was reached with 
as at the begiiming of the experiment in ordinary air. 

The subject was re-exposed to the low oxygen tension and observations were 
again made until constant readings were obtained. The threshold rise was ap- 
proximately equal to that previously observed. 

The subject then drank a solution containing 50 grains of glucose in 200 ml. 
of water. The visual thresholds began to decrease toward the normal value 
about ten minutes after ingestion of glucose and continued to decrease as the 
blood sugar concentration rose. The data for subject Wa show the clearest 
parallelism between blood sugar and visual sensitivity. In this case, the greatest 
improvement in visual sensitivity occurred about one hour after ingestion of 
glucose, when the blood sugar reached its maximum. When the blood sugar 
level subsequently decreased, the threshold again began to rise. In one case, 
subject Be, the drop in threshold was initially more rapid than the rise in blood 
sugar, but then it levelled off while the blood sugar continued to rise. This sug- 
gests the possibility that beyond a certain elevation of the blood sugar level, any 
further rise may be comparatively ineffectual. 

Neither subject Be nor B1 showed a rise in threshold when the blood sugar 
began to decline, but the observations were not carried out for a sufficiently long 
period to 3 deld significant conclusions regarding this point. It may be noted 
that in subsequent experiments reported below, in which measurements were 
continued for a longer period after glucose administration, all three subjects 
showed a rise in threshold when the blood sugar level declined. 

As a final step, oxygen was again given to the subject. This resulted in a 
return of the threshold to its earlier lowest level. 

The statistical significance of the changes observed after glucose may be judged 
from the relation between the magnitude of these changes, and of the standard 
deviations (denoted by the vertical lines through the points). Since the ob- 
served changes are in all cases much larger than the standard deviations, they are 
statistically significant.® 

® More precisely, a change or difference is statistically significant when it is at least 
three times as large as its standard error. The standard error of the difference between 
any one point denoting a mean, and a level established by a number of other such points 
is essentially equal to, or but slightly larger than, the standard error of the point itself. 
The latter is detenmned by dividing the standard deviation of the point by the square root 
of the number of measurements on which the point is based (om — tr/Vn). In this case 
n = 10. Thus the standard deviation a is over three times the standard error. Hence any 
difference greater than the standard deviation of a point is statistically significant. 
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B. The prevention of the effects of anoxia by the administration of glucose. This 
group of experiments differed from those described above, in that the glucose 
was administered one-half hour before re-exposure to the low oxygen tension, 
instead of during exposure. In this way, the blood sugar was already at a high 
level at the time when the subject was deprived of a normal oxygen supply. The 
resultant threshold rise could then be compared with that which occurred during 
anoxia prior to glucose administration. 

The results of this series are indicated in figure 2. Broken horizontal lines 
denote the level of the thresholds during oxygen deprivation before glucose 
administration. It is obvious that the rise in threshold upon re-exposure to the ^ 
same oxygen tension one-half hour after ingestion of 50 grams of glucose in 200 ml. 
of water is not nearly so great. The inverse relationship between the visual 
thresholds and the blood sugar level subsequent to the first ten minutes of re- 
expasure (this period being required for the effect of the anoxia to become ap- 
parent) is clearly demonstrated by the graphs. 

The data for subjects B1 and Wa in which the maximum blood sugar level 
occurred at about this time show that the thresholds subsequently underwent a 
gradual rise as the blood sugar declined. Subject Be showed a further rise in 
blood sugar for about 30 minutes, accompanied by a slight lowering of his thres- 
holds, When the blood sugar subsequently decreased, there was a coincident 
rise in the thresholds. Finally, oxygen restored the thresholds to their original 
values. 

The statistical significance of the changes is estimated as in figure L Since 
the standard deviations of the measurements are much smaller than the effect of 
the glucose, this effect is considered to be statistically significant. 

C. Control experimerds with saccharin during anoxia. The procedure was 
identical with that used in the first group of experiments, (A), with the exception 
that a saccharin solution (2 to 3 grains in 200 ml. of water) was substituted for 
glucose. The subjects were able to detect some difference in taste between these 
solutions but were told that different t3rpes of sugars were being studied. They 
were not aware that these were control experiments. 

The absence of any change in visual sensitivity after saccharin administration 
during anoxia is demonstrated in figure 3. The thresholds remained constant 
during the 70 to 90 minutes of anoxia after saccharin. When, finally, oxygen 
was administered, the thresholds were restored to their original values. 

The lack of statistical significance of the small fluctuations in threshold ob- 
served after saccharin is indicated by the fact that in all cases these deviations 
of the points from the curve are smaller than the standard deviations of the 
points. 

I>. The effect of glucose in the presence of a normal oxygen supply. After the 
threshold level in normal air had been determined, fifty grams of glucose were 
ad m i nis tered orally. Visual measurements were continued for one-half hour, by 
which time there was a marked elevation of the blood sugar level to 149, 160 
and 190 mgm. per cent for subjects Be, B1 and Wa, respectively. However, no 
change in visual sensitivity was observed. In a previous study McFarland and 
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Forbes found that the dark adaptation of fasting individuals was improved after 
a breakfast. It was suggested that this effect was due to the rise in blood sugar. 
The present results indicate that a rise in blood sugar above normal fasting levels 
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Fig, 2. The prevention of the effects of anoxia by glucose. The rise in thresholds upon 
exposure to simulated high altitudes one-haJf hour after ingestion of glucose is much less 
than that without glucose. As the blood sugar drops, the thresholds of all three sub- 
jects rise. 

improves visual sensitivity only if this has first been impaired by anoxia. Other- 
wise, it does not cause an improvement above the initial level of sensitivity. 
Discussion, A. The effect of glucose on physiological altitude. These studies 
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indicate that the ingestion of glucose at high altitudes results in a diminution of 
the effect of oxygen-lack. Thus glucose decreases the effective or “physiological” 
altitude while the individual remains at a constant actual altitude or oxygen 
tension. The quantitative effect of glucose on the physiological altitude of the 
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Kg. 3. Control experiments with saccharin during anoxia. The administration of a 
saccharin solution at simulated high altitudes has no effect on -visual thresholds. 

subjects during the present experiments was determined in the folio-wing manner. 
The -visual mechanism of each subject was “calibrated” as a de-vice for measuring 
altitude-effects by determining its response to progressive degrees of anoxia. 
Curves showing the relationship between altitude and the associated rise in 
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threshold for each subject are shown in figure 4A. By means of these curves, 
given threshold elevations may be equated to corresponding altitudes. 

The sensitivity of this visual function to anoxia varies from day to day, al- 
though the form of the curve for a given subject remains the same. This vari- 
ation has to be taken into consideration when comparing experiments done on 
different days. To do this it was necessary to calibrate the sensitivity of the 
subject to anoxia on each day an experiment was done. By comparison of this 
degree of sensitivity with that on a standard day, a factor was deteimined by 
which to correct all threshold changes to a basis of constant sensitivity. For 
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Fig. 4. A. The relation between altitude and the resultant rise in visual thresholds. 
Two experiments on different days are shown for subjects Be and BL For each subject 
the curves on different days are similar in shape; multiplying one by a constant results 
in the other. 

B. The modification of the effects of anoxia by glucose, in terms of physiological alti- 
tudes (see text) . The curves on the left are derived from the experiments shown in figure 1 , 
and the curves on the right from those shown in figure 2. 


subjects Be and B1 the upper curves in figure 4A were arbitraiily taken as the 
standards, and the experimental threshold changes presented above were cor- 
rected so as to be comparable to these,. This was done by comparing the rise in 
threshold at the experimental altitude, prior to glucose, with the rise in threshold 
on the standard curve at the same altitude. The factor by which the former 
must be multiplied to equal the latter was computed. The rises in threshold 
(above normal) after glucose were then also multiplied by this same factor, 
yielding corrected values comparable with the standard. By employing the 
curves in figure 4A, the altitude correspomiing to a ^ven corrected rise in thres- 
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hold at subsequent times during the same experiment was determined. This 
was taken as the physiological altitude. • 

The physiological altitudes corresponding to the points after glucose in figure 1 
are shown in the left-hand graphs of figure 4B. The broken line represents the 
experimental altitude in each case. This manner of presentation shows more 
clearly the magnitude of the effect of glucose, although the shapes of the curves 
are similar to those in figure 1. Thus, glucose resulted in a lowering of the 
physiological altitude from 13,800 feet to about 8,000 feet in the case of subject 
Wa; from 14,700 feet to about 11,000 feet in the case of subject Bl; and from 
17,200 feet to about 9,000 feet in the case of subject Be. These decreases repre- 
.sent 42 per cent, 25 per cent and 48 per cent of the true altitudes in the three 
cases. Similarly, the physiological altitudes corresponding to the points in 
figure 2 (following the first 10 to 15 min. after re-exposure to anoxia, to permit 
time for the latter to manifest its effects) are shown in the right-hand graphs of 
figure 4B. 

This same general procedure of measuring visual thresholds may be employed 
to determine the effects of various other drugs or substances on physiological 
altitude. Substances which either intensify or ameliorate the effects of high 
altitude may be studied quantitatively in this manner. This method is limited, 
however, to the study of drugs which are effective in a relatively short time, up 
to one or two hours. Since the day-to-day variation of the threshold may be 
large as compared with the changes during a given experiment, this method 
does not lend itself so readily to the study of substances which act only after a 
period of some days. 

B. The mechanism of the action of glucose. At least two possible mechanisms 
have been suggested as explaining the “anti-anoxic” effect of glucose: a, an 
indirect action on the brain through an increase in the production of carbon 
dioxide, and b, a direch action of glucose on the rate of oxidation in the central 
nervous system. 

The value of an increased carbon-dioxide tension in counteracting the effects 
of anoxia under some conditions has been demonstrated (Grellhom, 1936 and 
1937; Gibbs et al.; Buhl and Spiess). Some authors, such as Ruhl, have sug- 
gested that the ingesrion of carbohydrates may act like “indirect carbon-dioxide 
therapy,” because of the resultant rise in the R.Q. An increase in the rate of 
carbon-dioxide production after the ingestion of various sugars has been demon- 
strated repeatedly. It has generally been observed that the increase in the R.Q. 
lags behind the rise in blood sugar and perasts for some time after the blood 
sugar level decreases. For example, Cathcart and Markowitz found that al- 
thou^ the maximum rise in blood sugar occurred one-half hour after the ingestion 
of glucose, the R.Q. remained practically unchanged or even fell slightly at the 
end of the first half-hour, and showed a maximal rise at the end of an hour. If 
the improvement in visual sensilavity which was demonstrated in the present 
study were related to the production of carbon dioxide, one might therefore expect 
that it would not begin until some time after the blood glucose level had risen 
and would perast considerably longer than the elevation in blood sugar. On the 
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contrary, the present experiments indicate that the ^^anti-anoxic’’ effect of glucose 
appears coincidentally mth the rise in blood sugar, and begins to decline when 
the blood sugar level drops. It therefore seems reasonable to believe that at 
least the major part of this effect is related not to the rate of production of 
carbon dioxide but to the blood sugar level itself. 

Glucose plays a unique r61e in the metabolism of the central nervous system. 
The brain is able to burn only glucose and certain closely related substances. 
It is believed that when the supply either of glucose or of oxygen is diminished, 
the oxidative processes of the brain are slowed. There is evidence that a decline 
in the oxygen utilization of the brain actually occurs during hypoglycemia (Lo- 
man and Myerson; Himwich et al.; Loman). Numerous similarities between 
anoxia and hypoglycemia have been pointed out. Visual thresholds are affected 
similarly by hypoglycemia and by anoxia. The decline in visual sensitivity due 
io either of these conditions may furthermore be reversed by the administration 
of oxygen (McFarland and Forbes; McFarland, Halperin and Niven, to be 
published). The present studies indicate, moreover, that an excess of glucose 
may partially compensate for a deficiency of oxygen. These facts suggest that 
glucose may counteract the visual effects of anoxia directly, by stimulating the 
oxidative processes in the nervous tissues. No direct measurements of the effect 
of glucose on the oxygen consumption of the intact brain during anoxia have been 
reported. Such measurements would be of great value in clarifying the mechan- 
isms involved in the effects demonstrated here. 

SUMMARY 

1. The measurement of differential intensity thresholds for vision at low 
brightness levels provides a sensitive and objective index of the impairment 
caused by anoxia. This test was applied to the study of the modification of this 
impairment by glucose. Three fasting subjects were used at simulated altitudes 
of 12,700 to 17,200 feet. 

2. The ingestion of 50 grams of glucose during exposure to low oxygen tensions 
(simulated high altitude) resulted in a considerable decrease in the impairment 
due to anoxia. At a simulated altitude of 13,800 feet the administration of 
glucose diminished the visual impairment of one subject to an amount corre- 
sponding to an altitude of only 8,000 feet. The ‘'physiological altitude” was 
thus 42 per cent lower than the actual altitude.. In the other two subjects the 
lowering of physiological altitude was 25 per cent and 48 per cent, respectively. 

3. The ingestion of glucose one-half hour before exposure to low oxygen tensions 
likewise prevented a large part of the impairment expected from anoxia. 

4. Control experiments, in which a saccharin solution was given at simulated 
high altitudes instead of glucose, showed no effects on the impairment caused 
by anoxia. 

5. The administration of glucose to fasting subjects at a normal atmo^heric 
oxygen tension resulted in no improvement of visual sensitivity. An improve- 
ment occurred only if visual sensitivity had first been impaired by anoxia. 

6. The amount of improvement of visual sensitivity during anoxia after 
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glucose administratioii, in relation to time, was approximately parallel to the 
blood sugar curve during its rise and subsequent fall. 

7. The increase in carbon-dioxide production after glucose ingestion lags be- 
hind the rise in blood sugar and declines considerably later than the fall in blood 
sugar. The ^‘anti-anoxic^’ effect of glucose therefore seems to depend directly 
on the blood sugar level rather than on the secondary increase in carbon-dioxide 
production. 
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The purpose of this study is to explore the cerebral cortex for the presence of 
areas for the reception of impulses to sound, other than those reported previously 
(16). This was suggested by some unpublished findings by Allen in which the 
auditory cortex of the dorsal and ventral areas was extirpated or coagulated ther- 
mally and the dog was able ultimately to re-acquire correct conditioned differen- 
tial responses with the foreleg to various auditory stimuli. Another area recep- 
tive to impulses from the cochlea is described below. 

Methods. Twenty-five dogs were used in these experiments. Dial-Ciba^ 
and pentobarbital sodium were employed as the anesthetic agents on alternate 
experiments. Oscillograms of the cortical and microphonic responses were re- 
corded simultaneously on two cathode ray tubes supplied by two push-pull 
voltage amplifiers. Stimuli were synchronized with the sweep circuits of these 
tubes. In the previous investigation (16) the technique was described for 
stimulating the cochlea with a wavefront of a simple tone, which would produce a 
response (positive voltage deflection) at an electrode situated within a localized 
region of the cortex. This method was used again with the following alterations. 
A velocity microphone replaced the carbon type used earlier. The loudspeaker 
for tonal stimulation was placed about 30 cm. from the animaEs ear. Each 
point was examined for responses to tones of 100 to 16000 dv. 

For electrical stimulation, shocks (condenser discharges) were led through cop- 
per wires to the edge of the bony spiral. The thresholds for responsesin thedorsal 
area was observed to assure proper situation of the wires. The modiolus was 
simply severed by introducing a dental chisel between the basal turn and bony 
orbit of the cochlea. 

The entire dorsal and ventral areas were e3q)lored in seven of the experiments 
of this series with particular attention to the anterior portions located on the 
anterior ectosylvian gyrus. The cortex here was explored in 2 mm. co-ordinate 
divisions, as well as the intervening area between the ventral and third area, 
because of the possibility that this third area might be a part of the ventral and 
dorsal areas. The third area was examined in 1 mm. co-ordinate divisions to 
determine if localization could be demonstrated by this means. In the other ani- 
mals of the series, the intervening cortex was examined in 2 mm. divisions to and 
including the anterior portion of the ventral area, 

Intra-cranial section of the eighth nerve was performed either through an 
opening in the occipital bone following exposure of the nerve by elevation of the 

^ Aided by a grant from the Committee on Scientific Research of the American Medical 
Association. 

2 The Dial-Ciba was generously given to the author by the Ciba Company. 
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cerebellar hemisphere or through the cerebral vault after removal of the cerebral 
hemisphere and the tentorium cerebelli. 

The dorsal and ventral areas were either removed to a depth of 1 cm, with a 
spatula or coagulated with a hot knife. 

It has been established in human beings that, when one tone is impressed on the 
ear in the presence of a second tone, the second tone has a tendency to obliterate 
the sensation of the first (11). This fact offered a method for studying the acous- 
tic connections to the cerebral cortex. For the generation of a second continuous 
tone, another loud-speaker located about 75 cm. from the animaPs ear was sup- 
plied by an audio amplifier and a resistance-capacity tuning oscillator. The 
cortical response to the tonal stimuli was observed oscillographically in the 
presence of the continuous tone at different frequencies. The intensity of the 
continuous tone was increased until the response to the tonal stimulus was 
abolished, or if no effect was noted, until the maximum output of the amplifier 
w^as attained. 

To examine the connections in exclusion of the ear mechanism two single 
shocks of equal threshold strength were applied in succession through one pair of 
electrodes upon the bony spiral, and increasing the time interval between the 
shocks permitted the study of the effect of the first stimulus on the second. The 
same procedure was followed by applying the first shock to one turn and the 
second to another turn of the spiral. 

Results. The position of this third responsive area (figs. 1 and 2) to tonal and 
electrical stimulation of the cochlea occupies about 10 to 20 sq. mm. of the cortex 
at the junction of the anterior ectosylvian gyrus with the coronal gyms to form 
the anterior composite gyrus. In several experiments, responses were found 
extending 1 to 2 mm. upon the margin of the adjacent coronal gyrus. It was 
isolated from the ventral area by a 6 to 8 mm. unresponsive region in all the ex- 
periments of the series, in spite of careful examination of this region of the brain. 
The isolation of third area from dorsal and ventral areas was especially clear in 
animals where the anterior suprasylvian sulcus did not reach the third area 

(fig- 2). 

Responses to shocks or tones 'were obtained from one cerebral hemisphere by 
stimulation of either ear but the threshold w^as greater for the same side. Also, 
the threshold for this area was higher than for the dorsal and ventral areas. The 
thr^old was markedly lowered by lightening the anesthesia to the point where 
lid reflexes were evident. The responses to either tonal or electrical stimulation 
were characteristically positive voltage deflections appearing 7 to 10 msec, after 
the moment the stimulus was applied (figs. 3-5). The time of appearance in 
general coincided with responses in the dorsal area (fig. 4) , The amplitude of the 
deflection reached a maximum of 100 to 200 micro-volts in the central portion of 
the area, diminishing toward the periphery. 

To determine the origin of these responses, experiments brought out the fol- 
lowing facts: 1. Destruction of the dorsal and ventral areas did not affect the 
responses. 2. Complete intra-cranial division of the eighth nerve abolished the 
responses in all three areas. 3. In several experiments after outlining the cortical 
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area to shocks applied to the apical, middle, and basal turns, the wires were 
placed 4 mm. lateral, medial, and posterior to the basal turn. No responses were 
obtained from this region of the cortex. With the wirps 2 mm. laterally upon the 
facial nerve, twitches of the face muscles became apparent, coincident with a 
sharp oscillographic deflection bearing a latency of 2 to 3 msec. Adequate evi- 



Fig. 1. Right cortex ; left ear, X indicates third area from which responses were obtained 
to tonal stimuli. Above are outlined the responsive foci for tones of 200 dv. in the dorsal 
and ventral areas, and 4000 dv. in the dorsal area. Xo responses to any frequencies 
in region between the third and ventral areas. 

Fig. 2. At lower left, third area outlined to electrical stimulation of the apex, middle, and 
base of the cochlea. Above, the responsive foci for the apical, A, middle, M, and basal, B, 
turns are outlined in the dorsal area, as well as the foci for the apical and middle turns in the 
ventral area. The representation of the basal turn in the ventral area was not located in 
this animal, although the middle sylvian and posterior ectosylvian gyri were examined in 
detail. The region between the third and ventral areas was entirely unresponsive to stimu- 
lation of the apical, middle and basal turns. 

Fig. 3. 11/29/44. A , C, E: from point in dorsal area. R, D, F: from point in third area. 
Shocks delivered to bony lamina of middle turn, before (A, B) and after (C, D) section of 
modiolus. E, F: shocks applied to central stump of 8th nerve. Downward deflection in 
this and succeeding figures : surface positive. 

Fig. 4. 4/2/44. Comparative examples of responses. Upper records: from the dorsal 
area. Lower records : from a single point in the third area. Stimulation by means of elec- 
tric shocks. Note latencies of the responses. 

dence showed that this was a direct muscle potential. 4. Responses in the area 
from direct electrical stimulation of the middle or apical portions of the 
spiral W'ere abolished by severing the modiolus. Replacing the electrodes upon 
the central stump of the eighth nerve caused the responses to reappear (fig. 3). 

A spatial pattern of localization was not clearly evident although there was a 
tendency for larger potentials to be seen from the anterior and superior portion to 
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low frequencies and from the posterior and inferior to high frequencies. In one 
instance, electrical stimulation demonstrated three points 2 mm. apart, repre- 
senting the apex, middle and base, in conformity to the arrangement suggested by 
the results to the tones above. 



I ig. 5. Oscillograms from single point marked X in third area of figure 1 . Each column 
represents responses to tonal stimuli of frequencies indicated at the top. First record jn 
each column taken without the presence of the continuous tone. Succeeding records with 
the presence of a continuous tone: A, 200; B, 400; C, 800; D, 2000; E, 4000; F, 8000 dv. 
Arrows indicate time of arrival of the wavefront at the animal’s ear. Note absence or re- 
duction of responses when stimulus and continuous tones possess about the same frequency. 

A central point within the area was responsive usually to tones possessing a 
range of frequencies from 200 to 8000 dv., less often for 100 and 16000 dv. The 
responses to the tonal wavefronts were readily abolished by the presence of a 
continuous tone of about equal intensity with a frequency differing by an octave 
or so from the stimulus tone. Examples of this effect are shown in figure 5; 2000 
and 8000 Avere omitted from the figure, but the results for these were the same. 
The response to a pulse of 2000 dv. was abolished by the tones of 800, 2000, and 
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4000 dv., while the response to 8000 dv. was prevented by 4000 and 8000 dv. 
The tones greater than an octave from the stimulus tone at thar full intensity 
had no apparent effect. 

Preliminary experiments on the dorsal and ventral areas have shown that a 
similar obliteration of the threshold responses to the tones occurs in the presence 
of the continuous tones and at intensities comparable to those in this new area. 

Application of two successive electrical shocks to one turn of the bony spiral 
resulted in the. obliteration of the responses to the second shock in both dorsal 
and, third areas for a period of 60 to 100 msec, after the first. When the first 
shock was delivered to the middle turn, and the following shock to the basal turn, 
no change in size of the response was noted in the basal region of the dorsal area. 
Likewise, in the third area, although responses from both parts of the cochlea were 
obtained from the same cortical point, no effect on the second response was found. 

Discussion. The investigations on the effects of cortical lesions on hearing 
in dogs by Munk (12), Alt and Biedl (2), Kalischer (5), Eothmann (14), Swift 
(15) and Pavlov (13) do not include this area. One of Luciani’s (8) animals (dog 
S) was deaf as result of multiple lesions involving the posterior halves of the brain, 
including this region on one side. However, his hearing tests were probably in- 
adequate for the study of cortical function. 

The proximity of the area to the tactile system has received particular atten- 
tion because of the possibility of exciting tactile endings either directly or reflexly. 
Marshall, Woolsey, and Bard (10) have obtained responses in this region in the 
cat to bilateral tactile stimulation of the forepaws. General cutaneous represen- 
tation of both fore and hind paw was found by Adrian (1) in the cat and dog' but 
only on the contralateral side. The latter investigator found the sensory com- 
ponent of the fifth nerve represented on the coronal gyrus. 

In the prgsent experiments, the effects of cutting the modiolus and eighth nerve 
place the site of stimulation in the cochlea.' However, reflex arcs, particularly 
arising from the tensor tympani and stapedius muscles were conadered. Optical 
measurements by Kato (6) and Lorente de No (7) in cats and rabbits have ^own 
a minimum response time of 10 to 12 msec, and a maximum of 40 msec, for such 
reflexes. In view of the latency of 7 to 10 msec, for the cortical responses to 
sound and the electric shocks, it seems unlikely that reflexes of that nature are of 
c6ncem. Furthermore, the specific obliterating effect of the continuous tone and 
the behavior of the responses to the successive shocks are analogous to the condi- 
tions observed for the dorsal area. 

Localization is not spatially evident in all experiments, but the obliteration of 
the responses to tonal stimuli by the continuous tone of about the same frequency 
pleads to the conclusion that separate fibers from different parts of the cochlea 
enter this region of the brain. Combinational tones and harmonics may be 
present but do not invalidate this conclusion. The absence of inhibition by the 
first electric shock on the second when delivered to separate turns of the cochlea 
also lends support. 

The phenomenon of obliteration of the sensation of a tone by another is termed 
' masking and has been investigated fully by Wegel and Lane (17) in human beings. 
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The preliminary data offered here support their findings from an anatomic basis, 
although masking in these experiments is limited to only two octaves. The data 
also support the conclusion that the masking effect is a phenomenon associated 
A\dtli the physical mechanism of the cochlea. 

This part of the brain lies in a region from which Bechterew and Mislawski (3) 
and others by faradic stimulation obtained salivary secretion mediated by the 
chorda tympani. By stimulation of two distinct points, Mann (9) obtained 
front and hind leg movements, and by stimulation of the two points, a walking or 
swimming motion. Garol (4) has confirmed the excitability of this part of the 
cortex. 


CONCLUSIONS 

An area, bilaterally receptive to impulses from the cochlea, has been described 
occupying the ventral end of the anterior ectosylvian gyrus in the cerebral cortex 
of the dog. 

The use of masking and electrical stimulation of the cochlea furnished the evi- 
dence for the existence of separate fiber connections from local parts of the cochlea 
to this area. 

Achiowledgment. The author is indebted to Dr. Robert S. Dow and Mr. Fred 
Claiissen for their encouraging assistance udth the problem. 
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Renal clearances in dogs are markedly reduced in experimentally induced 
shock (limb compression), in hypotension resulting from* hemorrhage (1, 2) and 
in human traumatic and hemorrhagic shock (3). From the low clearance values 
of inulin and mannitol, it is concluded that glomerular filtration is reduced, and 
likewise, since the clearance values of diodrast and p-amino hippurate are low, 
that the effective renal plasma flow is reduced. These results have been inter- 
preted as indicating that vasoconstriction and reduced blood flow exist in the 
kidney under these conditions. 

One difficulty in making exact renal hemodynamic interpretations from the 
clearances duiing hypotension has been pointed out by Corcoran and Page (2) 
who found that at a mean blood pressure level of about 60 mm. Hg the effective 
intraglomerular filtration pressure drops to 0; at this critical level glomerular 
filtration is arrested by the osmotic pressure of the plasma proteins, and excretory 
function ceases, so that observations of clearance and renal extraction no longer 
measure renal blood flow. Furthermore, since anoxic conditions are apt to 
prevail in the kidney during shock conditions, the likelihood exists that normal 
glomerular and tubular mechanisms may become impaired, thus further invali- 
dating the clearance technique for quantitative estimates of renal blood flow. 
The report that the plasma extraction ratio of diodrast decreases during the 
circulatoiy depression following limb tourniquet release and remains low after 
the re-infusion of blood following hypotension appears to support this view (1, 2). 
Corcoran, Taylor and Page have accordingly qualified their interpretation of 
diodrast clearance as a measure of renal plasma flow under the above conditions. 
Lauson and his co-workers (3) have likewise fully considered the possible limita- 
tions of the clearance method in shock. 

In order to further explore the value and limitations of renal clearance as an 
index of renal blood flow under anoxic conditions, the effect of tempoz-aiy ischemia 
on the clearance of p-amino hippuiic acid and creatinine by one kidney of the 
dog was investigated, while the opposite kidney served as a control. 

Expeeimental proceduee. Usually female dogs ranging in weight from 8.5 
to 18.5 kgm., anesthetized intravenously with 30-36 mgm. per kgm. of body 
weight of pentobarbital sodium, were used in the present experiments. The 
left kidney was approached by a ventral, occasionally by a dorsal incision. The 
left ureter was cannulated, and the left renal vein and artery were gently dis- 
sected sufficiently away from surrounding tissue to allow placement of loose 
ligatures. The assumption is made that the nervous supply to the kidney has 

1 Supported by a grant from the Commonwealth Fund. 
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not been seriously interfered with. Femoral arteries were cannulated for con- 
tinuous registration of mean blood pressure and for withdrawal of arterial blood 
for analysis of the infused substances; one femoral vein was cannulated for in- 
fusion. An indwelling catheter in the urinary bladder permitted collection of 
urine from the right kidney. The bladder was rinsed with saline to insure 
accurate emptying at the termination of each urine collection period. Since it 
was found difficult to empty the bladder in male dogs, they were not catheterized 
for right kidney urine flow. Following the operation and preceding the clearance 
determinations, approximately 200-400 cc. of 0.9 per cent saline were infused 
to aid in maintaining an adequate urine flow. 

Following a priming dose of 0.25-0.5 gram of creatinine and 100-200 mgm. of 
p-aminohippuric acid (PAH), constant plasma levels were maintained by con- 
tinuous intravenous infusion of 0.9 per cent saline containing an average con- 
centration of 0.77 per cent creatinine and 0.190 per cent PAH at the rate of 
1.3 cc. per minute. In some experiments, an osmotic diuretic, mannitol, was 
added to the infusion fluid in concentration suitable to deliver 13.5 mgm. per 
kgm. per minute, following a 5 gram priming dose. 

About an hour after the surgical procedures, two control urines were collected 
for periods of approximately 15 minutes each. These were followed immediately 
by application of a clamp to the left renal artery. The periods of occlusion 
lasted 3-5, 10 and 20 minutes respectively in different experiments. After re- 
lease of the clamp at least 20 minutes were allowed for flushing stagnant urine 
out of the tubules and collecting system before urine collection was resumed. 
In a few experiments, following a five minute clamping procedure, sufficient time 
was allowed for recovery and then the arterial clamp was replaced for longer 
intervals (10 or 20 min.). 

To determine clearances, creatinine and PAH concentrations obtained from 
frequent arterial samples, usually one per urine collection period, were inter- 
polated to the midpoint of each urine collection period corrected for emptying 
time. In order to determine the extraction ratio of PAH, renal vein blood 
samples were drawn by direct puncture simultaneously with the arterial samples. 
Plasma proteins were precipitated by the CdS 04 method (4), Creatinine was 
analyzed in a photo-electric colorimeter by the alkaline-picrate method of Folin 
and Wu (5), and the p-aminohippuric acid was analyzed by Smith’s modification 
(6) of the method of Bratton and Maishall (7), 

Results. A. Control clearance data and observations on the mean bhod pres- 
sure. Table 1 shows fimt a comparison of clearances in trained, unanesthetized 
dogs with those obtained in operated, anesthetized animals. While control 
clearance values are somewhat Iflgher in the latter, the differences are not suffi- 
ciently large to invalidate the use of anesthetized and operated dogs in these 
studies. 

A comparison of the control clearances of the left kidney with those of the 
right kidney shows no significant differences. Since the right kidney was the 
unoperated control, this indicated that the surgical procedure in the vicinity 
of the left kidney had no detectable influence on the left renal function. 
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The control right renal clearances were continued in 13 experiments (74 obser- 
vations) for an average time interval of 3.6 hours from the beginning of the 
experiment (range: 120 to 320 min,). During these observations the left renal 
artery was clamped and the subsequent changes in left kidney function were 
produced. When these right kidney obseiwations are compared with the con- 
trol data, it is seen that neither creatinine nor PAH clearances show a significant 
change. The conclusion that the changes in left renal function to be described 
are largely restricted to that kidney is further supported by the lack of significant 
alteration in the systemic mean blood pressure. The mean of all control meas- 
urements was 135 mm. Hg (range 104 mm. to 155 mm.); 84 per cent of 496 ob- 
servations remained within ±15 per cent of the control means and the limits of 
variation were ±30 per cent. 

JB. Effect of clamping of the left renal artery on the left renal clearances. 1. Three 
to five minutes of ischemia. Nine experiments were performed in this series in 
four of which mannitol diuretic was employed. Since the results did not differ, 
they are grouped together in the figures and tables. Because there was con- 
siderable variation from dog to dog in average control clearance values, the 
experimental data are plotted in figure 1 as a ratio of clearances following 
ischemia to the control clearances. The upper solid line of figure 1 shows that 
a period of complete ischemia lasting up to five minutes produced only a transient 
decrease in renal clearances, returning approximately to the control mean value 
within 120 minutes after the release of the clamp (ratio to the control mean of 
0.85 for p-aminohippuric acid clearances and 1.02 for creatinine clearances at 
120 min.). 

2. Ten minutes of ischemia. The lower solid line of figure 1 shows that when 
the renal artery was clamped for 10 minutes in three experiments there was an 
initial profound decrease in the clearances, followed by a gradual partial recovery 
during the period of observation. At 120 minutes the creatinine clearance had 
returned to only 30 per cent of the control mean, and the PAH clearance to 
44 per cent of the control, 

3. Twenty minutes of ischemia. The solid circles at the bottom of figure 1 
show that with no osmotic diuretic, a period of ischemia of 20 minutes (3 expts.) 
virtually abolished the renal clearance of creatinine and PAH during observa- 
tions extending to 136 minutes after the release of the renal arterial clamp. 
Profound changes in urine flow from extreme oliguria to anuria were associated 
with the reduced clearances. 

'When the osmotic diuretic, mannitol, was employed the results were signifi- 
cantly different (table 2). Anuria was not observed, and although the results 
were variable, the clearances were consistently better following twenty minutes 
of ischemia than without mannitol. Thus, the average experimental ratios to 
the mean control values during periods of observation lasting as long as 175 min- 
utes after the release of the clamp were: PAH, 0.42 (range, 0.117 to 0.87) and 
for creatinine, 0.345 (range, 0.08 to 0.78). As can be seen in the table, the im- 
provement in clearances was directly related to the increase in urine volume 
resulting from the osmotic diuretic action. 
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C. The changes in urine flow resulting from iscJmnia, Figure 2 demonstrates 
that there is a definite relatioUvship hetween the changes in renal clearance and 



TIME IN MINUTES 

Fig. 1. A. The changes in renal plasma clearance of p-aminoMppuric acid following 
complete renal ischemia produced by clamping the renal artery. Each symbol is the mid- 
point of one experimental imne collection period expressed as a ratio to the mean of two 
control periods. The solid lines represent the best fits of the arithmetic means of the results 
of 3-5 (upper line) and 10 minute periods (lower line) of ischemia respectively. Several 
periods of complete anuria resulting from a 20 minute period of ischemia (solid circles at 
bottom) have been reported as “O” clearance. Time is in minutes after release of clamp. 

B. The changes in renal plasma clearance of creatinine following complete renal ischemia, 

the rate of urine flow. Following a 3-5 minute period of ischemia, the relation 
of clearance to urine volume is similar to the control data in that they are rela- 
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lively independent of each other. However, 10 minutes of ischemia markedly 
3-educes the clearances of both creatinine and PAH and the urine volume is cor- 


TABLE 1 

Comparison of control clearance data 




p-AUTHO HIPPURIC ACID 
CLE\RVNCE 

CREATININE CLEARANCE 


NO. or 

OBS. 

cc./min. per kidney /sq.m, 
i S.A.* 

cc./min. per kidney/sq.m. 

1 S A. 



Mean 

S.D.§ 

S.E. 

Mean 

1 S.D. 

S.E. 

Unanesthetized controlf 

63 

124 

29.6 

3.74 

41.4 

7.45 

0.94 

Left control kidney . . . 

34 

140 

44.0 

7.65 

47.0 

17.0 

2.92 

Right control kidney 

Right kidney following left renal artery 

30 

142 

48.0 

8.93 

51.7 

17,0 

3.10 

clamp t 

1 

128 

43.0 

5.00 

52.0 

19.7 

2.29 


* Surface area was determined according to the jMeeh-Bubner equation : surface area 


in square meters = — — — — , W » weight in kgm. 

100 

t All data were obtained in four trained female dogs. 

J These clearances followed the period of clamping of the left renal artery simultane- 
ous with experimental changes in left renal clearance. 

§ S.D. — standard deviation from the mean; S.E. — standard error. 

TABLE 2 


Changes in left renal clearance with mannitol diuretic following a BO minute period of clamping 

of the left renal artery* 


EXP. NO. 

TIME IN MINUTES 
AETER RELEASE 
! OP ARTERIAL 
CLAMP 

NO. OP 
^ PERIODS 

i 

URINE 

PLOW 

1 

P-AMINO HIPPURIC ACID 
CLEARANCE ] 

1 

CREATININE CLEAR.ANCE 

Creatinine 

U/P 

cc./min. 

per 

kidney/ 
sq,m. S.A. 

Exp. 

Cont. 

cc./min. 

per ' 

kidney/ i 
sq.m. S.A. 

Exp. 

Cont. 




cc,}min. 






1 

Control : 

2 

1.680 

158.0 


39.0 


16.1 


48-88 

3 

0.340 1 

18.5 

0.117 

3.2 

0.082 

6.27 

2 

Control : 

2 

1.930 

177.0 


60.0 

! 

18,42 


18-71 

4 

0.81 

50.0 

0.283 

9.3 1 

0,157 

6.80 

3 

Control : 

2 

1.47 

117.0 


41.5 


16.5 


49-175 

3 

0.82 i 

48.7 

0.416 

15.0 

0.362 

10.2 

4 

Control : 

2 

1.031 1 

103.0 


54.7 


38.4 


32-75 

3 

1.165 

89.7 

0.870 

42.7 

0.780 

28,7 


* All figures in the table represent the average values of the control periods and the 
periods following ischemia in each experiment. 


respondingly reduced. Twenty minutes of ischemia produces in some cases 
complete anuria, thus abolishing entirely the plasma clearance of creatinine 
and PAH. 
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D. Changes in concentrating ability of the renal tubules. In figure 3 are com- 
pared the concentration ratios (U/P) for creatinine during the control and fol- 
lowing ischemia. Arbitrarily selecting control urine flows of less than 0.15 cc. 
per minute, the U/P ratio is high, avemging 336 for 8 observations (range, 232 
to 477). But following the 10 minute period of ischemia with the same range of 
urine flows, the average U/P ratio of 11 observations is only 126 (range, 58 to 
250). Following 20 minutes of ischemia, the changes are even greater, but due 
to the extmme oliguria too much significance cannot be attached to the lat- 
ter data. 


aoo 

ISO 


ICO 

CC/MIN. 

75 

PER 

KIDNEY 50 

25 


0 

Fig. 2. A. Showing the relationship of the renal plasma clearance of p-aminohippuric 
acid to the rate of urine flow. The clearances are expressed as cc. per minute per kidney 
per square meter of surface area. The solid line represents the mean of the left control 
kidney clearances (140), and the dotted lines represent the standard deviation (±44). To 
avoid crowding, the results of 20 minutes of ischemia have been omitted from the figure; 
the calculated means of the latter are: p-aminohippuric acid clearance, 0.435 cc./min. per 
kidney/sq.m. S.A,; urine flow, 0.013 cc./min. 

B. Showing the relationship of the renal plasma clearance of creatinine to the rate of 
urine flow. The mean of the control observations is 47, the standard deviation is ±17. 
The mean clearance following 20 minutes of ischemia was 1.0 cc./min. per kidney/sq.m. S.A. 

The concentration ratio of PAH is similarly influenced by ischemia, but be- 
cause of the participation of tubular excretion in its renal clearance, analysis of 
the cause of this decrease is complex. This change may be the direct result of 
decreased eflSciency of the tubules to excrete the PAH as evidenced by the de- 
crease in extraction ratio in proportion to the length of ischemia (table 3). The 
fact that the extraction ratio and the clearance of PAH are improved by the use 
of the osmotic diuretic, because of the resulting increase in urine volume, sug- 
gests that PAH may be excreted in a normal manner but indiscriminately stored 
or reabsorbed elsewhere in the renal tubides. 

E. Histological changes resuUmg from reml ischemia. Two kidneys which had 



URINE FLOW C.C. MINUTE 
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undergone 20 minutes of ischemia were examined histologically;^ in one of these 
experiments mannitol diuretic had been given (expt. 2 in table 2). Both kidneys 
exhibited a nephrosis characterized by cloudy swelling and hydropic degeneration 
of the tubular epithelium. These changes were most marked in the periphery 
of the cortical area. Some debris appeared in the tubular lumens. The changes 
appeared less marked in the kidney of the animal that had received the mannitol 
diuretic. There was no histological evidence of edema. 

Discussion, It is customary to interpret reduction in the clearance of inulin 
(or creatinine in the dog) and diodrast or PAH as being indicative of vasocon- 



Fig. 3. Showing changes in U/P of creatinine following various degrees of complete renal 
ischemia. The control data in A are derived from both right and left control kidney obser- 
vations and include data in which mannitol diuretic was employed. The curve represents 
the best fit of the arithmetic means of the control data. In B the changes in U/P ratio 
resulting from ischemia are shown in relation to the mean control curve. Several periods 
of extreme oliguria and anuria have been omitted from this figure. 

striction in the kidney (8). Following the longer periods of anoxia produced by 
clamping of the renal artery the marked decreases in creatinine and PAH clear- 
ance may thus be interpreted as being the result of prolonged vasoconstriction of 
the renal arterioles. Since similar degrees of reduction occur in both creatinine 
and PAH dearance, this would imply an afferent arteriolar constriction (or 
simultaneous afferent and efferent constriction). Marked afferent arteriolar 
constriction, resulting in reduced glomerular filtration pressure, could account 
for the related reduction in urine flow. 

» We are indebted to Dr. Harry Goldblatt for examination of the histological prepa- 
rations. 
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HoAvever, it is believed that anoxia creates conditions in the renal t.ubiik's 
which exaggerate the apparent vasoconstriction as judged by the reiud cleaivin(*es. 
The extraction ratio of PAH is reduced in proportion to the length of iselunnia, 
indicating impairment of the excretory ability of the tubular c^ells. hu(*h impair- 
ment would exaggerate the decrease in apparent renal plasma flow, further- 
more, the decrease in the U/P ratio of creatinine oeourring with reduced urinc' 
flows suggests the probability that creatinine is being reabsorbed by the* tubular 
cells, rendering invalid its clearance as a measure of glomerular filtration rat(\ 
It seems a fair assumption that the related oliguria may be in part the result of 
damage to the tubular cells similar to the hyposthenuria and oliguria following 
uranium poisoning in the dog (9); here the damaged cells act like a “dead” 
membrane, and the glomerular filtrate may be completely reabsorbed, the ab- 

TABLE 3 


Summary of changes in p-amino hippuric acid extraction ratio 



NO. OF 
OBS. 

EXTRACTION RATIO* 

PLASMA CONC. OP p-AMINO* 
HIIPORIC ACID 


Mean 

Range 

Mean 

Range 

Control t 

15 

0.645 

0.516-0.758 

1.64 

wgm./% 

0.780-2.96 

3-5 min, clamp f 

15 

0.590 

0,308-0.783 

1.35 

0.725-2,06 

10 min. clamp 

9 

0.380 

0.235-0.534 

3.00 

2.440-3.63 

20 min. clamp 






no mannitol 

8 

0.118 

0.00 -0.413 

6.53 

4.60 -10. Ot 

with mannitol 

7 

0.425 

0.22 -0.620 

1.83 

1.50 -2.37 


Extraction ratio = — ■- — (A ~ arterial plasma cone, in mgm. per cent; V » renal 
A, 

venous plasma cone, in mgm. per cent). 

t These data include experiments with mannitol diuretic, 

{ Constant rates of infusion of PAH were maintained throughout those experiments. 
The plasma concentration rose to these levels because of reduction of renal clearance. 

sorbing force being the osmotic pressure of the plasma colloids of the peritubular 
capillaries. It is of interest to note that following the 20 minute period of renal 
ischemia the tubular histological changes resemble a mild degree of uranium 
poisoning. The improved urine flow folloiving the use of the osmotic diuretic 
mannitol, by competing for the glomerular filtrate with the osmotic pressure of 
the plasma colloids, would appear to favor the above interpretation. It appears 
. likely that oliguria and anuria following the longer period of ischemia are the 
result of both arteriolar vasoconstriction and the tubular changes described. 

Because reduced blood flow exists in hemorrhagic shock, the probable r61e of 
anoxia in bringing about renal changes and impairment under these conditions 
should be evaluated. It is suggested that caution be exercised in the use of 
renal clearances in evaluation of renal hemodynamics under conditions in which 
hypotension and anoxia occur. 
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SUMMARY AND CONCLUSIONS 

Experiments performe<i on anesthetized dogs showed that changes in renal 
function analogous to those s('.cn in hypotension and shock result from temporary 
complete renal ischemia produced by clamping the renal artery. These changes 
occur while the mean blood pressure is maintained at normal levels. It was 
found that the clearance of creatinine, taken as a measure of glomerular filtration 
in the normal dog, and the clearance of p-aminohippurate, a measure of effective 
renal plasma flow, may be markedly reduced following brief periods of complete 
ischemia, the length and degree of the reduction being in direct proportion to the 
length of the period of clamping. 

The results indicate that prolonged vasoconstriction of the renal arterioles 
follows the period of ischemia, thus playing a r 61 e in the decreased renal clear- 
ances. In addition, anoxia resulting from the ischemia produces additional 
changes in the clearances referable to damage of the renal tubules. 

Decreased urine flow after ischemia is associated with the reduced clearances. 
This is thought to be due to arteriolar vasoconstriction which reduces glomerular 
filtration, and to renal tubular damage, which modifies the normal tubular water 
reabsorptive mechanism. 

The author wishes to thank Mr. Gerald E. Graham for technical assistance in 
the present investigation. 
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Cardiac abnormalities as determined by clinical and electrocardiographic 
observations have been reported in both man and experimental animals as a 
result of thiamine deficient diets. There has been, however, little agreement as 
to the nature of the defects in the various species. These reports have been 
reviewed and discussed in other publications (1, 2, 3, 4, 5). 

Recently, Wintrobe et al. have published a study of induced chronic thiamine 
deficiency in swine (3). Using purified diets and crystalline vitamin supple- 
ments, they found pronounced electrocardiographic changes. Bradycardia, 
prolonged P-R interval, second degree A-V block, P wave changes, inverted 
T4, nodal and ventricular premature beats, auriculo-ventricular dissociation, 
complete heart block and one case of auricular fibrillation were recorded. Areas 
of necrosis, cellular infiltration and scarring, cardiac hypertrophy and dilatation 
in the auricles and ventricles of these pigs were reported. These marked histo- 
logic changes undoubtedly account, at least in part, for the electrocardiographic 
changes. 

Waisman and McCall (6) have recently studied the electrocardiograms of 
monkeys which were fed purified diets with crystalline vitamin supplements 
in addition to liver extract treated with sulfite to destroy thiamine. They noted 
a marked bradycardia, decreased height of R waves and flat or inverted T waves 
in nearly all animals. A few showed a wide and notched QRS complex, and a 
shift in the pacemaker. Most of these changes were reversible under thiamine 
therapy. Histologic studies of the heart were not reported. 

Ashburn and Lowry (4), using purified diets and crystalline vitamin supple- 
ments, produced a chronic thiamine deficiency in albino rats. They observed 
a high incidence of lesions in the auricles and pulmonary veins as well as a few 
similar lesions in the ventricles. Other investigators have described various 
lesions in the hearts of experimental animals deficient in thiamine but only the 
studies of Porto and deSoldati (6) in dogs, Follis et al (7) in swine, and Lowry 
and Ashburn (8, 4) in rats have described lesions in the auricular myocardium. 

Operating on the assumption that such pronounced auricular pathology should 
cause more specific defects in heart rhythm and impulse conduction than had 
been reported in rats. King and Sebrell (9) studied 24 pairs of the albino rats 
used by Ashburn and Lowry (4) in the second phase of their study. They found 
four rats with auricular fibrillation and four with A-V nodal rhythms. They also 
mentioned that other abnormalities such as premature beats, ectopic beats, 
auricular standstill, shifting pacemaker and inci'eased P-R interval were en- 
countered. 
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The work reported here was undertaken to reproduce King and Sebrell’s 
observations and to attempt to increase the incidence of auricular fibrillation and 
A-V nodal rhythms by altering the experimental conditions to produce a more 
chronic thiamine deficiency. King and Sebrell’s findings were corroborated 
but the incidence of these two abnormal rhythms decreased rather than in- 
creased. This report will describe the various electrocardiographic defects 
mentioned but not described by King and Sebrell, as well as another finding, 
not previously reported, (bundle branch block) which appeared early in the de- 
ficiency before signs of acute thiamine deprivation were evident. 

Methods. The basic diet and vitamin supplements are the same as described 
in Ashbum and Lowry’s experiments (4). The diet was composed of leached 
and alcohol extracted casein, 18; sucrose, 73; Wesson oil, 3; cod liver oil, 2; 
Osborne and Mendel salt mixture, 4. Crystalline vitamins were given by supple- 
ment dish in the following amounts daily: pyridoxine 20 micrograms, riboflavin 
50 micrograms, calcium pantothenate 50 micrograms, nicotinic acid 1 mgm. and 
choline chloride 20 mgm. The thiamine intake was varied as described later. 

Fifty-six albino rats of N.I.H. strain were divided equally into four groups 
being matched in each according to weight, age, sex and litter. 

Each of these four groups received diets and vitamins as indicated above with 
following additions: 

Group I — 100 micrograms of thiamine daily. 

Group II — 100 micrograms of thiamine daily; 10 per cent of the sucrose 

in the diet was replaced by 10 Rer cent whole dried liver. 

Group III — 3 micrograms of thiamine daily. 

Group IV — 2 micrograms of thiamine daily. 

Rats were placed on experiment at weaning (21-26 days). The control 
animals (groups I and II) were maintained on the regimen mentioned without 
change. The experimental animals feroups III and IV) were kept on their 
respective low thiamine intakes for 8 to 10 weeks (av. 9). At the end of this 
period all thiamine was withdrawn. As the rats developed acute episodes of 
polyneuropathy (ataxia, spasticity and convulsions), they were treated with 25 
to 60 micrograms of thiamine and then allowed to develop another episode. 
A few animals were allowed to develop a third attack. 

Those which died and others which were killed at various stages of the experi- 
ment were autopsied and the tissues examined histologically. The few animals 
which developed lung or other intercurrent infections wore excluded from the 
study. 

Electrocardiograms were taken on both control and experimental animals at 
weekly or biweekly intervals. When the animals showed acute deficiency 
symptoms, electrocardiograms were taken at frequent intervals just before and 
after thiamine therapy. 

Electrocardiogram's were obtained using a string galvanometer with a 3 stage 
resistance-capacity coupled Sanborn “Cardioscope” amplifier in the circuit. 
The apparatus was standardized so that 1 mv. produced 2 cm. of string deflection. 
With this arrangement, the sensitivity was well in excess of the minimum neces- 
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saiy to record the very rapid action of the rat’s heart and the deflections had 
sufficient amplitude to permit detailed study. The camera speed was increased 
from 25 to 75 mm. per second to spread the various components enough to permit 
accurate measurement of the P-R and QRS intervals. 

The three standard leads were recorded. Contact with the extremities was 
made by winding fine copper wires around the limb after the fur had 
been smoothed down with electrode paste. Rats were held in their noimal 
crouched position by hand, short circuiting being prevented by rubber gloves. 
No anesthetics were used. After a few times rats would become accustomed to 
this procedure and tracings teasonably free of muscular interference could be 
obtained readily. 

The eledroeardiogram of normal rats. The heart rate of the rats in groups 1 
and 2 (controls) varied considerably. On the average it was 500 to 625 per min- 
ute during the first weeks after weaning and thereafter fell gradually to around 
475 per minute (see fig. 1). Rates of 600 per minute were not uncommon and 
occasionally a rat would show a heai-t rate as low as 330. 

The contour of the tracings was not unlike human electrocardiograms. Lead 
1 was very unstable and little significance could be attached to the form, ampli- 
tude or direction of its various components, although most often they were 
upright. Lead 3 was quite stable and lead 2 was very stable. In these leads 
the P, R and T waves were always upright. S waves were common, Q waves 
rare. 

At rates below 400 per minute a mild sinys arhythmia was common, above 
this the rhythm was very r^ular. 

The P-R interval varied from 0.035 to 0.05 sec., in different rats, increasing 
gradually with age. The QRS complex ranged from 0.006 to 0.013 sec. in dura- 
tion, also increasing gradually with age. The Q T interval had a duration of 
0.05 to 0.09 sec. varying inversely with heart rate. An S T s^ment was not 
seen except in very slow heart rates. The takeoff of the T wave occurred directly 
after the R or S waves and is commonly elevated 1 to 4 mm. in leads 2 and 3, 
depressed 1 to 2 mm. in lead 1 . The P wave commonly supervened before the 
T wave returned to the isoelectric line. Individual normal rats usually showed 
very similar tracings from day to day and week to week. The changes occurring 
with age were gradual. 

Results. Figure 1 depicts the average weight gain of the various groups in 
relation to their average heart rates. The control animals receiving liver gained 
slightly more than those not receiving it, but the heart rates of the two groups 
were almost identical. No abnormalities were noted in the electrocardiograms 
of these control animals and the tracings were similar in all respects to those of 
rats on a good stock diet. 

It will be noted (f^. 1) that the heart rates of the rats on low thiamine intake 
began to fall while the rats were still gaining weight at an almost normal rate. 
In addition, the rates for the rats receiving only 2 micrograms of thiamine per 
day ^roup IV) decreased more quickly and to a greater extent than did those 
receiving 3 micrograms (group III) although in the early stages the two groups 
gained weight at almost the same rate. 
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The quantities of thiamine given to groups III and IV were sufficient to prevent 
accute deficiency episodes in all but one rat. This animal (20358) developed 
ataxia, spasticity and convulsions after 60 days on 3 micrograms of thiamine 
daily. No significant differences were observed in the electrocardiograms of the 
rats in group III and group IV, consequently they will be discussed together. 

During the 8 to 10 week period of low thiamine intake, the electrocardiograms 
taken were normal, except for the moderate bradycardia, in all but 2 rats. Rats 
20351 and 20364 after 33 and 21 days, respectively, on the low thiamine regimen 



developed unexpected sharp weight losses accompanied by a reluctance to move. 
They were not observed to eat or drink. When pushed on their sides or back 
they regained their feet slowly. They responded slowly to stimuli. There was 
no detectable paralysis, however, and no spasticity or convulsions. Electro- 
cardiograms showed in both, a bradycardia with a bundle branch block and first 
degree A-V block (20351 shown in fig. 2). No treatment was administered and 
in 4 to 8 hours the rats began to resume nonnal activity. Electrocardiograms 
showed a return to normal (fig. 2). 




Fig. 2. 20358 third deficiency— first degree A-V block P-R .12- P2,3 are diphasic— QRS 
is wide (0.018) — heart rate 125. The interval between the light vertical lines is 0.04 sec. 
in all of these illustrations. 

20366 first deficiency— sinus arrest followed by A-V nodal ectopic beat-heart rate 270. 

20351 the tracings from this rat were taken after 33 days on 3 micrograms of thiamine 
daily. Note the bundle branch block (QRS 0.035 sec.) and first degree A-V block (P-R 
0.08), bradycardia and T wave changes. The tracings on the right, taken 4 hours later, 
are normal. 

20361 third acute deficiency —auricular fibrillation rhythm completely irregular— no P 
waves are seen. 
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This symlrome was not observed in the other rats although it could have been 
missed easily since it was of such short duration. Similar episodes were not 
observed in the control rats or in rats on other experiments, although a similar 
episode was detected in one rat on another thiamine deficiency experiment. In 
this rat, sectioning of the left vagus nerve almost completely abolished the defect. » 
Because of the low incidence of this abnormality, it has not been possible to 
study it further. 

When thiamine was completely withdrawn after 8 or 10 weeks, the weights 
began to drop vsharply. In an average of 8 days (var. 4 to 19) after complete 
thiamine withdrawal, acitte polyneuropathy occurred. Electrocardiograms were 
taken on 20 rats during the first, 1 5 in the second, and 6 in the third acute episode. 

As a rule the longer the rats were continued on the thiamine deficient regimen, 
the more pronounced the electrocardiographic changes became. In some 
animals the defetdus were more or less the same in succeeding deficiency episodes, 
in others the pattern changed from time to time. Disregarding bradycardia, 
whi(ih was found in all rats, electrocardiographic defects were found in 12 of 20 
rats in their first, in 14 of 15 in their second, and 6 of 6 in their third period of 
acute deficiency symptoms. 

Tables 1 , 2, and 3 summarize the various defects found and their response to 
thiamine therapy. 

Hem't rate. The average heart rate in the first, second, and third acute defi- 
ciency episodes was 303, 273 and 242 per minute respectively, and after thiamine 
therapy rose to 431, 422 and 470 per minute, also respectively. 

Electrocardiograms taken in the intervals between acute manifestations showed 
that definite bradycardia (and other changes) was usually present a week or more 
before the onset of polyneuropathy, but tended to become more and more severe 
as it developed. 

liJlectrocardiogramH takem during the spasticity and convulsions of acute 
thiamine deficioncjy would Hometimes be so obscured by muscle interference that 
they wore unreadable. However, by taking the tracings in the intervals between 
convulsions and by calming the rat by means of a cloth thrown over its head, 
tracings quite free of muscular interference could be secured. In spite of the 
diflSculties, electrocardiograms were taken routinely during this period because 
it indicated a more or less uniform end-point and also indicated a point beyond 
which the animal could not become more deficient without dying. 

Following thiamine therapy the acute symptoms would disappear in 8 to 12 
hours. The heart rate would begin to increase in 4 to 8 hours and in most in- 
stances bo at normal levels in 24 to 48 hours. In one instance a slow but regular 
rhythm with a normal sinus mechanism changed into a markedly irregular 
rhythm with evidence of sinus node damage (20368, table 1) after thiamine therapy. 
Heart rates below 260 per minute would not respond consistently to thiamine. 

Rhythm, Many of the deficient rats showed striking disorders of rhythm. 
One instance of auricular fibrillation was found, rat 20361, table 3. This rat 
was in its third period of acute deficiency symptoms and was treated too late to 
determine whether the fibrillation might have responded to thiamine treatment. 
Portions of the tracing are shown in figure 2. 
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Auriculo-ventricular nodal rhyihms were found in two rats (20352, 20369A) 
in their first, and one (20369) in its second acute deficiency. In the two rats 

TABLE 1 


First acute deficiencies 


XAX 

i DURING DERICIKNCy 

1 

AFTER TREATMENT 

Rate 

P.R 

Rhythm— other findings 

Rate 

P-R 

Rliythm- other findings 

20351 

205 

0.042 

Marked arhythmia, vary- 

430 

0.04 

Normal 




ing sites of stimulus for- 
mation, variable PI, 2, 3 




20362 

272 

0, 03-0.035 

A-V nodal rhythm, occa- 

390 

0,042 

Normal 




sional auricular beats 




20354 

340 

0.05 

First degree A-V block, 

450 

0.04 

QllS 0.015, P2, 3 




P2, 3, T2, 3 very high, 



still high, T2, 3 




QllS widened (0.019) 



normal 

20355 

300 

0.053 

First degree A-V block, 

370 

0.04 

Normal 




P2, 3 high and widened, 
QllB widened (0.015) 



QIIS 0.01 

20356 

300 

0.05 

P2, 3 high and wide 

500 

0.041 

Normal 

20358 

430 

0.04 

Normal 

530 

0.038 

Normal 

20359 

333 

0.045 

Normal 

490 

0.04 

Normal 

20359D 

333 

0.044 

Normal 

500 

0.045 

‘ Normal 

20361 

360 

0.05 

First degree A-V block 

450 

0.04 

Normal 

20363 

160 

0.04-0.047 

Marked irregularity, shift- 



Died 2 hours 




ing pace-maker, positive 
and negative P waves 



after treatment 

20364 

360 

0.045 

Normal 

430 

0.041 

Normal 

20365- 

300 

0.039- 

Marked sinus arhythmia; 

450 

0.039 

Normal 



0.043 

sinus arrest, auricular 
ectopic beats 




20366 

270 

0.053-0.04 

Moderate sinus arhythmia, 

450 

0.041 

Normal 




sinus arrest, nodal 
ectopic beats 




20367 

270 

0,043 

Normal 



Died 

20368 

250 

0.043 

Moderate sinus arhythmia 

260-375 

0.03-0.043 

Nodal ectopic 







beats, sinus ar- 
rest, arrythmia 

20369 

320 

0.05 

First degree A-V block 

409 

0.041 

Normal 

20369A 

260 

0.033 

A-V nodal rhythm 

475 

0.036 

Normal 

20369B 

270 

0.047 

Normal . 

425 

0.038 

Normal 

20369G 

250 

0.047 

Normal 

375 

0,041 

Normal 

20369D 

270 

0.055 

First degree A-V block, 

480 

0.036 

Normal QUS 0.01 




QPS wide (0.015) 




in their first deficiency, reversion to a normal rhythm occurred after thiamine 
therapy. The rat in its second deficiency died after treatment. 

Sinus arhythmia of some degree was almost always present. In many of the 
rats this arhythmia was marked and completely irregular. The R-R interval of 
successive beats would commonly vary by 50 per cent. In addition, ectopic; 
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TABLE 2 

Second acute deficiencies 


HAT 

DXJRING DEHCIENCV 

AHTEH XHBATMEKT 


Rate 

P-R 

Rhythm— other findings 

Rate 

P-R 

Rhythm — other findings 

20351 

200 

0.043 

Marked arhythmia, shifting 

300 

0.041 

Negative P3 




pace-i)iaker, ectopic auricu- 
lar and A-V nodal beats, T 
waves diphasic 




20354 

315 

0,042 

P2, 3 T2, 3 very high 

450 

0.04 

P and T waves still 





1 


high 

20356 

300 

0.04 

PI, 2, 3 inverted, ST2, 3 



Died 



] 

-■4mm. 




20358 ! 

200 ! 

0.01-0.06 i 

Marked arhythmia, QB.S wide) 

450 

0.043 

P waves indistinct, 




(0.015) A-V nodal and au- 



variable shape 




ricular ectopic 



and direction 

20350 

333 

0.053 

First degree A-V block ! 

425 

0.043 

Normal 

20369D 

31Q 

? 

IT, 2, 3, inverted 



Killed 

20361 

214-270 

0.051 

Sinus arhythmia, sinus arrest 

500 

0.038 

Normal 




auricular and nodal ectopic 







beats 




20366 

273 

0.04-0.047 

Marked sinus arhythmia, sinus 

450 

0.039 

Normal 




arrest, aur. and nodal 
ectopic beats 




2036S 

210 . 

0.061 

First degree A-V block, P2-f — 



Killed 

20366 

264 

0.057 

First degree A-V block 

430 

0.043 

Normal 

20369 

321 

0.03 

A-V nodal rhythm 



Died 

20369A 

295 

0.045 

Marked sinus arhythmia Tl, 



Died 




2, 3 inverted 




20369C 

224 

0.033- 

Marked sinus arhythmia, vari- 

430 

0.035 

Variable P waves 



0.038 

able P waves, nodal ectopic 
beats 




20369D 

200 

0.057 1 

First degree A-V block 



Killed 


TABLE 3 

Third acute deficiencies 


HAT 

DURING DUFICIKNCV 

AFTER TREATMENT 


Rate 

P-R 

Rhythm-other findings 

Rate 

P-R 

Rhythm— other findings 

20351 

204 

0.042 

Diphasic T2, 3 



Died 

20354 

315 

0.05 

First degree A-V block, P2, 3 

490 

0.04 

P and T waves 




T2, 3 very high 



lower 

20358 

125 

0,06-0.12 ! 

A-V block, QRS wide (0.018) 



Killed 




rhythm irregular, variable 







P2, 3 




20361 ' 

130-200 



Auricular fibrillation 



Died 

20365 

136-185 

0.053-0.057 

Moderate sinus arhythmia, PI, 



Killed 




2, 3 variable, A-V block 




20366 

290 

0.058 

A-V block, right and left ven- 



Died 




tricular ectopic beats 
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beats of auricular, nodal or ventricular origin would frequently intensify the 
arhyihmia (fig. 2). 

Another frequent defect was sinus arrest (fig. 2). Sometimes one, sometmics 
3 or 4 A-V nodal or auricular ectopic beats would occur before the sinus mechan- 
ism began to function again. These periods of sinus arrest would occur at irregu- 
lar intervals 2 to 20 times per minute. 

P-R interval. Seven of 20 mts in their first, 6 of 16 in their second, and 4 of 6 
in their third deficiency episodes had P-R intervals of 0.05 or more indicating a 
first degree A-V block. Usually these were accompanied by marked variations 
in the shape, width or direction of the P waves indicating a disturbance in auricu- 
lar impulse formation and conduction. Figure 2 shows increased P-R intervals. 
One P-R interval of 0.12 second was observed (fig. 2). In some instances the 
P-R intervals varied irregularly from beat to beat. As a rule thiamine therapy 
would return the P-R interval to normal. 

Second degree and complete A-V blocks were obseived, but only in rats in 
agonal stages. Since these blocks have been observed also in rats dsdng of other 
causes, no significance has been attached to the observation. 

QRS interval. In 6 instances significant widening of the QRS complex oc- 
curred. In 3 instances this occurred in the first deficiency, promptly returned 
to normal after therapy and did not recur. In rat 20358, however, QRS in- 
creased to 0.015 sec. in its second deficiency, reverted to 0.01 sec. after 60 micro- 
grams of thiamine had been given and then again increased to 0.018 in the third 
deficiency. 

Q T interval. No significant deviations were detected except for those due to 
changes in heart rate. 

P waves. Changes indicating a shift in the pacemaker were fairly common. 
Abnormally high or wide P waves were found in some rats. In others the P 
waves were splintered or the form changed from beat to beat. Some records 
showed P waves vai-ying from positive to negative in the same leads. P wave 
changes responded slowly and incompletely to thiamine therapy. 

T waves. Abnormally high T 2 and 3 were observed in one rat. Diphasic or 
inverted T 1, 2 and 3 were observed in 3 rats. These T wave changes responded 
poorly to thiamine treatment. 

Palhohgy. The hearts of 14 of the rats on the thiamine deficient regimen were 
suitable for histologic examination. Pathologic alteration of the auricular 
niyocardium was found in eight animals; six of these animals also showed involve- 
ment of the pulmonary veins. In addition lesions of the pulmonary veins were 
seen in three rats without cardiac lesions being found. There was no demon- 
strable involvement of the ventricles. With reference to the incidence of lesions 
it should be pointed out that only two levels of the heart were studied and previ- 
ous experience (4) has shown that step-block serial sections would reveal lesions 
in the hearts of thiamine deficient rats where routine sections had failed to show 
any pathologic alteration. The pathologic alteration seen in these hearts was 
similar in all respects to that described in detail by Ashbum and Lowry (4). 
The lesion is essentially necrosis of muscle fibers followed by cellular infiltration. 
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fibroblast proliferation and varying degrees of fibrosis. In five hearts the 
auricular involvement was extensive and bilateral, in two, the lesions were of 
moderate extent and found only in the left auricle and in one heart single small 
foci of necrosis were found in both auricles. 

Discussion. Although a majority of the rats, which were studied histo- 
logically, showed lesions in the auricular myocardium, there was no constant 
relationship between the pathology and the electrocardiographic changes. A 
few rats showed electrocardiographic changes without pathology being demon- 
strated, and one rat showed extensive lesions in the auricles but no electrocardio- 
graphic abnormalities. 

This situation should not be unexpected since it seems likely that the ability 
of these lesions to produce electrocardiographic changes would depend on the 
site as well as the extent of the histologic damage. Furthermore, such definite 
and severe anatomical changes must be preceded by a period of local metabolic 
disturbances. It is very probable that these metabolic disturbances could 
produce cardiac abnormalities without demonstrable histologic evidence. 

This concept fits well with the results obtained from treating these thiamine 
deficient animals with thiamine. One would expect the. abnormal metabolic 
processes to be rather rapidly corrected by the administration of thiamine . Such, 
apparently, was the case in this experiment since abnormalities, such as brady- 
cardia, sinus arhythmia, and sinus arrest were almost uniformly returned to 
normal within a few hours after thiamine treatment. Other defects such as the 
increased P-R and QRS intervals responded quickly at times, and in other 
instances I’esponded slowly and incompletely to thiamine. Still other changes 
such as the abnormally shaped and directed P waves responded very poorly or 
not at all to thiamine. This would be expected if the altered tissue processes 
had progressed to the point where tissue death had occurred. 

The basic pathology of the heart in human thiamine deficiency is not well 
established. Lesions which might correspond to the focal necrosing lesions 
seen in experimental animals have been reporedt by Durch (12), Dock (13), 
Hussey and Katz (14) and Smith and Furth (15). Other reports have been 
negative or inconclusive (10, 11, 16). It would seem that this subject should 
be re-examined with especial attention to the auricular myocardium. 

SUMMARY 

Electrocardiograms from a group of rats chronically deficient in thiamine 
have been studied. 

A .symptom complex accompanied by right or left bundle branch block has 
been described. This lesion occurred in two rats on low thiamine intakes who 
manifested none of the usual signs of acute thiamine deficiency. 

In later stages, when thiamine was withdrawn completely, a variety of electro- 
cardiographic abnormalities were encountered. These changes developed a week 
or more before polsmeuropathy occurred and usually became more and more 
severe until treatment was given. The following changes were noted : (1) brady- 
cardia, (2) sinus arhythmia, (3) auricular fibrillation, (4) A-V nodal rhythms. 
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(6) sinus arrest, (6) shifting pacemaker, (7) first degree A-V block, (8) auricu- 
lar, A-V nodal and ventricular ectopic beats, (9) widened QRS, (10) P and T 
wave changes. In most instances these defects were partially or completely cor- 
rected after thiamine therapy. 

In a considerable percentage of these rats there were areas of pathological 
changes in the auricular myocardium and pulmonary veins. 
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This fourth report on the function of the association cells of the cerebral cortex 
of the dog is concerned with the effects of removal of the acoustic projection areas 
on correct conditioned differential foreleg reflexes. These areas, 3 in number 
(fig. 1), are those from which Tunturi obtained voltage changes by tonal and by 
electrical stimulation of localized regions of the cochlea. The two largest areas 
were previously described in the eat by Woolsey and Walzl from localized elec- 
trical stimulation of the cochlea. It has been proved by these investigations and 
assumed from the publications of Fletcher, Steinberg and Lipman that the space 
pattern for tones is conducted in anatomical rmits to the cerebral cortex. As in 
my previous work the emphasis is to be placed on the correctness of the motor 
response rather than on fine tonal discriminations. 

The general procedure, including the controls used, has been given in an 
earlier paper. Extraneous sound and sight were eliminated. Two different 
conditioned differential sound tests were used. In the first, based on tones, a 
bell and iron cup tapped once per second served for the positive and negative 
conditioned reflex stimuli; while in the second, based on timing, a bell tapped 
once per second and three times per second functioned for the two opposing 
stimuli. To be correct the positive conditioned reflex had to appear within 7 
seconds and the negative conditioned reflex had to last for 10 to 15 seconds, 
depending on the time interval of the positive response. 

The following tests were made to determine whether these dop were basing 
their responses on differences of tones. The fundamental tones of the bell and 
cup were found to be about 2600 and 720 vibrations respectively. A number of 
normal and operated dop which had acquired correct conditioned differential 
responses for the bell and cup analysers were afterward tested with these pure 
tones from a loud speaker and all responded correctly during their first tests. 
Loudness was eliminated as a factor by varying occasionally the intensity of the 
stimuli in a positive or neptive test or in the same test, but ordinarily an attempt 
was made to keep the stimuli of equal strength. 

To be selected for these experiments a dog must acquire the positive con- 
ditioned reflex during the first 26 trials and correct conditioned differential re- 
sponses in 2 sessions. A daily session consisted of 37 tests, of which 25 were 
with the positive conditioned reflex and 12 with the negative conditioned reflex, 
with an occasional reversal of this order. The first and majority of daily sessions 

* Aided by a grant from the John and Mary R. Markle Foundation. 

* The anesthetic, vinbarbital sodium, was donated by Sharp and Dohme. 
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consisted of a series of 5 positive tests to 2 negative tests up to and including 
the 20th positive test, then 5 negative tests, 4 positive, 1 negative and 1 positive. 

To diminish situational tension during the tests which can lead to tetany, 
convulsions or neurosis the writer always maintained a very friendly relationship 
to the dogs by attending to their feeding, etc. 

Complete elimination of the cortex concerned, including the deep sulci, was 
accomplished vrith miniTnum damage to the white matter by extirpation and 
coagulation. The area to be extirpated was first circumscribed by a blade 
possesring a depth gauge. It was then undercut with a spatula and usually 
removed in one piece. Coagulation was accomplished by a series of 16 second 
exposures of a 5 mm. ball electrode supplied by a Wyeth high frequency surgical 
unit.* If the field was in proper conation the second method produced a uni- 
form burn to the depth of the white master. With both methods the optic 
radiations, which are on a level with the median portions of the posterior ecto- 
sylvian gyrus, were damaged to the extent of blindness. 

EliminaMon of Cortical Areas A, B or C (fig. 1). Area A was extirpated or 
coagulated in 3 dogs, area B in 2 dogs and area C in 3 dop (one not tabulated). 
Formalin preparations showed destruction confined to these areas, involving all 
of the gray and some of the superficial white matter, but in no instance did the 
injury include the brain stem. Marchi stained sections through the medulla 
revealed only normal degeneration in the pyramids. There were no motor 
symptoms and the foreleg placing reflexes were strong. All of the dop responded 
normally to spoken words. The lesions involving area A produced blindness, 
but these dogs could go up and down stairs rapidly by tapping nose on the steps. 

BeU and cup and slow and fast bell analysers. Since tables 1 and 2 demonstrate 
that destruction of any of these areas produced no apparent effect on previously 
learned correct conditioned differential responses for either set of sound analysers 
it suffices to record only the following: Before operation all of the dop acquired 
correct conditioned differential responses with either set of analysers during the 
1st or 2nd sessions and one or two additional sessions resulted in perfect records. 
Following the unilateral lesions the 1st session of tests resulted in perfect or 
practically perfect scores for both sets of analysers. The bilateral lesions pro- 
duced no effect on the early appearance or character of the positive conditioned 
reflex. After the bilateral lesions, column 3 of tables 1 and 2 discloses the 
presence of correct conditioned differential responses during the 1st sessions of 
tests with both sets of analysers for all of the dogs, excepting dog 1. The de- 
layed appearance of correct responses in this dog may be due to a more extensive 
involvement of the suprasylvian gyri. The perfect records for daily sessions 
shown in colunms 4 and 6 were obtained not later than the 4th session in dop 2 
to 7, and the records for all tests (columns 6 and 7) demonstrate little or no 
difficulty in reacquiring correct conditioned differential responses. 

After the lesions all of the dogs were able to respond correctly to alternated 
positive and negative conditioned reflex tests for both sets of analysers when the 
interval between tests w^as of 3 seconds’ duration. 

' ’ Tests with 16 and 10 second exposures of the 6 mm. electrode on the surface of liver 

produced uniform destruction to depths of 8 and 4.5 mm. respectively. 
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Elimination of Cortical Areas A and B. Coagulation was used for dogs 8 and 9 
and extirpation for dogs 10 to 13. Formalin preparations of the brains of dogs 8, 
9, 10 and 12 show destruction limited to areas A and B, which includes strips of 
the coronal and suprasylvian, as well as the entire sylvian and ectosylvian gyri. 
At the time of the left side operation, the sulci of dog 11 appeared irregular and 
the brain (fig. 2) reveals small cephalic and caudal portions of areas A and B 
present and apparently uninjured. The extirpations of dog 13 (fig. 3) not only 
included areas 1 and 2, but extended on both sides into area 3. For the most 



Fig. 1. Dog*s brain showing cortical areas destroyed by lesions; area A, crosses; area B, 
parallel lines; area C, dots. 

Fig. 2. Incomplete removal of areas A and B on left side of dog 11. 

Fig. 3. Extirpations from dog 13. 

Fig. 4. Extirpations from dog 18. 

Fig. 5. Extirpations from dog 19. 

Abbreviations: L and R, left and right side; C, area 0; Cor., coronal gyrus; E.Sy., ecto- 
sylvian gyrus; Hi, high tone region area A; JEf^, high tone region area B; I/i, low tone region 
area A; I/a, low tone region area B; Le«., lesion; Pyr., pyriform area; 8.F., suprasylvian 
sulcus; S,8y,, suprasylvian gyrus; sylvian gyrus. 

part the white matter appeared to be in good condition and in no instance was 
the brain stem injured. 

Of six dogs used, four were trained and two were not trained before the oper- 
ations. They included easily excited, easily inhibited and the neutral types of 
cerebration. As a result of the lesions all of the dogs were blind. Their foreleg 
placing reflexes were strong. There were no motor symptoms, Marchi sections 
through the medulla revealed no conspicuous degeneration in the pyramids. 
Several paid no attention to spoken words, 

Bell and cup analysers. Column 2 of table 1 shows that dogs 8, 9 and 10 




TABLE 1 


Analysers: hell and cup 


COSTICAZ. A5£A 

BErOSE OPEE. BlPir. 
mST APPEASED 
SESSION NO. 

aptee opee. 

DIEP. PIRSX 

appeased 

SESSION NO. 

DAILY SESSIONS 

1 APTEE DIPE. 

STANDARDIZED 

TOTAL NO. 

. OP TESTS 

CHAEACTEE 
OP COEEECT 
CON. DIPP. 
RESPONSES 

Pos. 

Ctol 

Neg. 

ItoC 

Pos. 

Ctol 

! Neg. 
ItoC 

A 








Dog 1, E 

2d 

4th 

25-0 

1-12 

159-4 

43-51 





11-1 

1-24 



good 

Dog 2, C 

2d 

1st 


Ml 

68-3 

3-27 

good 

Dog 3, C 

2d 

1st 


0-12 

00-7 


good 









B 








Dog 4, E 

2d 

1st 

25-0 

0-12 

84-4 

6-65 

good 



. 

12-0 

0-25 




Dog 5, E 

1st 

1st 

25-0 

0-12 

57-6 

5-44 

good 




12-0 

1-24 




C 








Dog 6, E 

1st 

1st 

25-0 

0-12 

37-0 

1-36 

good 




12-0 

1-24 




Dog 7, E 

2d 

1st 

25-0 

0-12 

50-0 

3-59 

good 




12-0 

0-25 




A and B 








Dog 8, C 

1st 

13th 

25-0 

0-13 

338-34 

62-121 

good 




13-0 

0-25 




Dog 0, C 

2d 

10th 

25-0 

0-13 

263-34 

95-53 

good 




12-0 

0-25 




Dog 10, C 

1st 

11th 

25-0 

0-12 

358-4 

101-94 

gooil 




12-0 

0-25 




Dog 11, E* 

2d 

2d* 

25-0 

1-13 

6M 

6-45 

good 




12-0 

0-25 




Dog 12, E 

Oper. before 

11th 

24-1 

0-12 

206-66 

75-109 

goo<l 


testing 


12-0 

2-23 




Dog 13, Et 

Oper. before 

27tht 

25-0 

1-13 

580-235 

275-245 

good 


testing 


12-0 

2-23 




Later 


None 30 

25-0 

12-0 

678-3 

448-0 

no 




13-0 

25-0 





* Extirpation incomplete on left side for cortical areas A and B. 
t Extirpation extended into region of cortical area C on both sides. 


Abbreviations used in the tables 

Diff. = Correct conditioned differential responses; Pos. =* Positive conditioned roliexj 
Keg. « Negative conditioned reflex; Oper. == Operations; No. - Number; E. » Extir- 
pated; C. *= Coagulated; C to I » ratio of correct to incorrect responses; I to C « Ratio 
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(good lesions) acquired correct conditioned differential responses during the 1st 
and 2nd sessions and perfect records were obtained in 1 or 2 additional sessions. 
Unilateral lesions pennitted correct conditioned differential responses immedi- 
ately. Bilateral lesions produced no effect on the positive conditioned reflex, 
but greatly delayed the appearence of correct conditioned differential responses. 
Column 3 shows absence of con-ect responses until the 13th session (471 tests) 
for dog 8, the 10th session (270 tests) for dog 9 and the 11th session (407 tests) 
for dog 10. The perfect records for columns 4 and 5 required 185 to 276 addi- 
tional tests. Columns 6 and 7 demonstrate the difficulties each dog experienced 
with the positive and negative conditioned reflexes. In contrast dog 11 (incom- 
plete lesion on left side) is shown by table 1 to have produced correct conditioned 
differential responses during the 2nd session and perfect scores during the 3rd 
and 4th sessions. 

As for the two dogs not trained vmtil after the bilateral lesions had been made, 
dog 12 in which the lesion was well placed, exhibited no signs of correct condi- 
tioned responses (table 1, column 3) until the 11th session (407 tests). The 
good showings of columns 4 and 5 were the records of the 14th and 15th sessions. 
Dog 13 is of special interest since the lesion (fig. 3) in addition to including areas 
A and B extends over into area C on both sides, representing a transition between 
this group and the following group in which the lesions involved aU three cortical 
areas. Column 3 of table 1 discloses that, following the lesions, no signs of 
correct conditioned reflexes appeared until the 27th session (1000 tests), but 
ultimately good records were obtained for a daily session (columns 4 and 6). 
The positive conditioned reflex, however, appeared during the first session with 
the 8th test. Six months later after this dog had demonstrated inability to make 
correct conditioned differential responses for the slow and fast beE and for 2 con- 
ditioned differential tests with general cutaneous sense, dog 13 was retested with 
the bell and cup analysers. The results of these tests are recorded directly below 
the earlier tests in table 1. The complete absence of correct conditioned differ- 
ential responses for 30 sessions (1110 tests) is obvious from columns 3, 4 and 5 
of the table. Column 7 shows that 448 negative conditioned tests resulted in 
448 positive responses in spite of an equal number of punishments. 

Slow and fast bell analysers. The 4 dogs trained before the lesions were made 
acquired correct conditioned differential responses during the 1st or 2nd sessions 
and perfect records on or before the 4th session. Unilateral lesions permitted 
correct responses immediately. As shown by column 3 of table 2 correct condi- 
tioned differential responses did not occur for dogs 8, 9 and 10 after the bilateral 
lesions until the 5th, 8th and 12th sessions. This delay in appearance of the 
correct responses, thou^ somewhat less than recorded for the previous analysers, 
is significant because these dogs were able to make perfect scores for the bell 
and cup tests before the slow and fast bell tests were started. The perfect 
records of columns 4 and 5 were for the 14th and 15th sessions for dog 8, the 
11th and 12th sessions for dog 9 and the 22nd and 23rd sessions for dog 10. 
The diflficulties encountered by these dogs for making correct responses are 
clearly revealed by columns 6 and 7. Dog 11 (incomplete lesion on left side) 
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TABLE 2 


Analysers: slow and fast hell 


COaxiCAl ABBA 

BEFORE OPER. 
©IFF. FIRST 
APPEARED 
SESSION NO. 

AFTER OPER. 
DIFF. FIRST 
APPEARED 
SESSION NO. 

DAILY SESSIONS 
AFTER DIFF. WAS 
STANDARDIZED 

TOTAL NO. OF TESTS 

CHARACTER 
OF CORRECT 
CON. DIFF. 
RESPONSE 

Pos. 

Ctol 

Neg. 

ItoC 

.. 

Pos. 

C to I 

Neg. 

ItoC 

A 








Dog 1, E 

1st 

4th 

25-0 

0-12 

171-0 

38-95 

good 




12-0 

0-25 




Dog 2, C 

2d 

1st 

12-0 

0-6 

24-0 

0-18 

good 




12-0 

0-12 




Dog 3, C.. 

1st 

1st 

25-0 

0-12 

113-1 

4-48 

good 




12-0 

0-25 




B 








Dog 4, E 

1st 

1st 

25-0 

0-12 

120-4 

16-106 

good 




12-0 

0-25 




Dog 5, E 

1st 

1st 

25-0 

0-12 

222-15 

36-99 

good 




12-0 

1-24 




C 








Dog 6, E 

1st 

Isi 

13-0 

0-6 

25-0 

0-31 

good 




12-0 

0-25 




Dog 7, E 

1st 

1st 

25-0 

0-12 

37-0 

1-36 

good 




12-0 

0-25 




A and B 








Dog 8, C 

1st 

5th 

25-0 

0-12 

152-10 

4i-55 

good 




12-0 

0-25 




Dog 9, C 

1st 

8th 

24-1 

0-12 

211-11 

60-41 

good 




12-0 

0-25 




Dog 10, E 

2d 

12th 

25-0 

1-11 

482-3 

166-167 

good 




12-0 

0-25 




Dog 11, E* 

2d 

3d* 

24-1 

0-11 

83-4 

10-41 

good 




12-0 

0-25 




Dog 12, E 

Oper. before 

7th 

25-0 

0-12 

238-10 

80-77 

good 


testing 


12-0 

0-25 




Dog 13, Et 

Oper. before 

None 30t 

25-0 

12-0 

692-12 

440-29 

no 


testing 


14-1 

23-2 





* Extirpation incomplete on left side for cortical areas A and B. 
t Extirpation extended into region of cortical area C on both sides. 
For list of abbreviations used in table see table 1. 
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is shown by column 3 of table 2 to have only slight delay in the return of correct 
conditioned differential responses. 

As for the untrained dogs — table 2 reveals that dog 12 (lesion correct) en- 
countered about the same difficulties of acquiring correct conditioned differential 
responses as were recorded for dogs 8, 9 and 10, while dog 13 (lesions extend into 
area 3 both sides) furnished no correct responses for 30 sessions involving 
1110 tests. 

All of the dogs which could make correct conditioned differential responses 
for both sets of sound tests were also able to make correct responses to the 
alternate positive and negative conditioned tests when the interval between 
tests was of 3 seconds’ duration. 

Elimination of Cortical Areas B and C. Coagulation was used for dog 14 and 
extirpation for dogs 15 and 16. There was no damage to area 1 in any dog. 
However, not aU of the posterior portion of area 2 was removed from the left 
side of dog 15. This region, however, does not include the cortex frpm which 
soimd frequencies corresponding to the fundamental tones of the bell and cup 
have been recorded. All of the dogs appeared to be normal in every respect 
with the exception of slight motor disturbances in hind legs of dog 16. Marchi 
stained sections did not disclose any noteworthy degeneration in the pyramids. 
* Bell and cup analysers. According to table 3, column 2, dogs 14, 15 and 16 
acquired correct conditioned differential responses with the first session of tests. 
After the unilateral lesion correct responses appeared immediately. Following 
the bilateral lesions the positive conditioned reflex appeared promptly and not 
modified, but column 3 of table 3 reveals some irregularity in the time of appear- 
ance of the correct conditioned differential responses. With dog 14 there were 
signs of correct responses during the 1st and 16th sessions, but none in the 
interval between. With dog 15 (incomplete lesion on one side) and dog 16 the 
first correct responses came with the 6th and 2nd sessions. The good results for 
a session of tests shown in columns 4 and 5 were the results of the 22nd and 23rd 
.sessions for dog 14, the 10th and 11th sessions for dog 15 and the 6th and 8th 
sessions for dog 16. The total record of columns 6 and 7 shows some diflEiculty 
with the negative conditioned reflexes. 

Slow and fast beli analysers. Table 4, column 2, discloses that only one session 
was required for learning correct conditioned differential responses. After the 
unilateral lesion correct responses appeared with the first tests. Following the 
bilateral lesions, column 3 of table 4 shows correct conditioned differential re- 
sponses for dog 14 during the 4th session, and during the 2nd and 3rd sessions 
for dogs 15 and 16. The perfect records of columns 4 and 5 were from the 
6th and 7th sessions for dog 14, the 3rd and 4th for dog 15 and the 9th and 10th 
for dog 16. Column 7 discloses very little difificulty in regaining the negative 
conditioned reflex, . 

After the bilateral lesions all of the dogs were able to make correct responses 
for a series of alternate positive and negative conditioned tests when the interval 
between tests was of 3 seconds’ duration. 

Six months after the operations and following similar tests to the above with 
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general cutaneous sense, dogs 14 and 16 were retested with the bell and cup 
and the fast and slow bell analysers. Both dop demonstrated signs of correct 
conditioned differential responses with the first session of tests for each set of 
analysers, but it required 2 to 4 additional sessions before perfect control was 
established for the negative conditioned reflexes. 


TABLE 3 

Analyser&: heU and cup 


COSTICAL ASEA 

BEFOBE OFEB. 
BIFF. FIBST 
APPEASED 
SESSION NO. 

AFTEE OPEE. 
DIFF. FIRST 
APPEARED 
SESSION NO. 

DAILY SESSIONS 
AFTER DIFF. WAS 
STANDARDIZED 

TOTAL NUMBER 

OF TESTS 

CBARACtER 
OF CORRECT 
CON. DIFF. 
RESPONSE 

P 08 . 

Ctol 

Neg. 

ItoC 

Pos. 

Ctol 

Neg. 

ItoC 

B and C 








Dog 14, C 

1st 

1st or 

26-0 

0-12 

580-11 

218411 

good 

ft 


16th? 

12-0 

0-25 




Dog 15, E 

1st 

6th 

25-0 

1-11 

236-2 

74-65 

good 




13-0 

1-24 




Bog 16, E 

1st 

2d 

25-0 

0-12 

177-11 

22-89 

good , 




13-0 

2-23 




A, B&C 








Dog 17, C 

2d 

none 31 

25-0 

14-0 

717-25 

464-22 

no 




12-0 

25-0 




Dog 18, E 

1st 

none 30 

25-0 

12-0 

727-3 

392-0 

no 




12-0 

25-0 




Dog 19, E* 

1st 

none 30* 

25-0 

12-0 

677-24 

404-7 

no 




13-0 

25-0 j 




Dog 20, E 

1st 

none 30 

25-0 

13-0 

722-3 

421-2 

no 




12-0 

25-0 




Dog 21, Cf 10 sec 

1st 

Stht 

25-0 

0-12 

230-20 

69-89 

good 




12-0 

1-24 





* Extirpation included very little of cortical area C on left side, 
t Results from superficial coagulation. 

For list of abbreviations used see table 1. 


EUminaiion of Cortical Areas A, B and C. These areas (fig. 1), which included 
all of the sylvian and ectosylvian gyri together with neighboring strips of the 
coronal and suprasylvian gyri, were extirpated in dop 18, 19 and 20, and coagu- 
lated for 16 seconds with dog 17 and more superficially for 10 seconds with dog 21 . 
Formalin prepared brains demonstrated satisfactory lesions for dop 17, 18 and 
20. A drawing (fig. 4) of the extirpations from dog 18 is typical of the others. 
Figure 5 shows absence of area 3 in the left side extirpation of dog 19; while 
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only the outer half of the cortex of dog 21 was destroyed by the superficial 
coagulation. Marchi stained sections of the medullae showed no pronounced 
degeneration in the pyramids. 

There were no motor symptoms. The foreleg placing reflexes and the positive 
general cutaneous conditioned foreleg reflex were present. All were blind, but 


TABLE 4 

Analysers: slow and fast bell 


COSTXCAI. ABSA 

BE70BE OPES. 
DXEF. FIBST 
APPEASED 
SESSION NO. ! 

APtEB OPEB. 
DIFP. PXSST 
APPEASED 
SESSION NO. 

DAILY SESSIONS 
APTES DXFP. WAS 
SXANDABDXZED 

TOTAL NUMBER 

OP TESTS 

CHASACTES 
OF COBBECT 
CON. DIFF. 
RESPONSE 

Tos. 

Ctol 

Neg, 

ItoC 

Pos. 

Ctol 

Neg. 

ItoC 

B and C 








Dog 14, C 

1st 

4th 

25-0 

0-12 

162-2 

48-56 

good 




12-0 

0-25 




Dog 15, E 

1st 

2d 

25-0 

0-12 

81-6 

5-56 

good 




12-0 

0-25 




Dog 16, E 

1st 

3d 

20-0 

0-12 

183-5 

30-118 

good 




13-0 

1-24 




A, B&C 








Dog 17, C 

1st 

none 31 

25-0 

13-0 

728-5 

438-9 

no 




15-0 

25-0 




Dog 18, E 

2d 

none 30 

25-0 

13-0 

698-2 

« 

413-6 

no 




12-0 

13-0 




Dog 19, E* 

2d 

7th* 

25-0 

0-12 

121-65 

28-121 

good 




12-0 

1-24 




Dog 20, E 

2d 

none 30 

25-0 

12-0 

711-3 

390-0 

no 




13-0 

25-0 



1 

Dog 21, Ct 10 sec 

1st 

4tht ; 

25-0 

0-12 

136-1 

3748 

1 good 




12-0 

1-24 



1 


* Extirpation included very little of cortical area C on left side, 
t Results from superficial coagulation. 

For list of abbreviations used see table 1. 


could go up and down stairs rapidly by tapping nose on the steps. Dogs 17 to 
20 paid no attention to spoken words. 

Bell and cup analysers. According to table 3, column 2, all of the dogs ac- 
quired correct conditioned differential responses during the 1st or 2nd daily 
sessions and perfect records for the 2nd, 3rd or 4th sessions. Unilateral lesions 
permitted practically perfect scores for the first session of differential tests. 
With the exception of dog 18, none of the dogs had any difficulty with the posi- 
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tive conditioned reflex after the bilateral lesions. This dog, however, was able 
from the start to only a very generalized response involving all four legs, 
and required 28 sessions (700 tests) before the response could be confined to 
one leg. When localized the response was very strong and positive. After the 
bilateral lesions column 3 of table 3 reveals that dogs 17, 18, 19 (area 3 present 
on left side) and 20 never reacquired correct conditioned differential resix)nses 
during 30 sessions (1100 tests). The records for the last two sessions (columns 4 
and 5, table 3) and the total tally (columns 6 and 7) show the same proportion 
of positive responses for the negative conditioned tests as for the positive tests. 
Occasionally, however, after much punishment for a long series of negative con- 
ditioned errors, a negative test and the following positive test will result in 
absence of foreleg response, incorred inhibition. A few punishments for positive 
conditioned errors will usually start all tests going positive again. 

On the other hand, dog 21, in which the coagulation of areas A, B and 0 was 
purposely made superficial on both sides, demonstrated correct conditioned 
differential responses during the 8th session (300 tests) after the lesions. The 
perfect scores of columns 4 and 5 were for the 9th and 10th sessions. 

Six months later, following the slow and fast bell tests and 2 different general 
cutaneous sense tests, dogs 17, 18, 19 and 20 were still unable to make correct 
conditioned differential responses for the bell and cup. On the other hand dog 21 
(superficial coagulation) produced perfect differential records after the 8th 
session. 

Slow and fast bell analysers. These tests followed the preceding and on the 
same dogs. All of the dogs acquired correct conditioned differential responses 
before the lesions during the 1st or 2nd sessions and perfect records in one or 
two additional sessions. Unilateral lesions caused no delay m the appearance 
of correct responses. Following the bilateral lesions none of the dogs with 
satisfactory lesions (17, 18 and 20) were able to make correct conditioned differ- 
ential responses during 30 sessions (1100 tests). Columns 4 and 5 of table 4, 
which contain the records for the 29th and 30th sessions and columns 6 and 7, 
which include the total score, conclusively show that practically all of the positive 
and negative conditioned tests resulted in positive foreleg responses. On the 
other hand, it is revealed from column 3 of table 4, that dog 19 (incomplete 
lesion on left side) and dog 21 (superficial coagulation) produced correct condi- 
tioned differential responses during the 7th and 4th sessions. This, however, 
represents many more tests than were required for the leaniing period before the 
operations. Excellent later records for dogs 19 and 21 are shown in columns 
4 and 5. 

Seven months after the lesions dogs 17, 18 and 20 were still unable to make 
correct conditioned differential responses with the slow and fast beU, while dop 
19 and 21 ultimately scored perfect records. Dog 19, however, was still unable 
to make correct responses with the bell and cup analysers. 

Dogs 19 and 21 were also capable of making correct responses to a series of 
alternated positive and negative conditioned tests when the interval between 
tests was of 3 second duration. 
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Discussion. Practically all studies on the effects of cortical lesions on hearing 
were made before and consequently without the aid of the recent localization 
investigations of Woolsey and Walzl on the cat and Tunturi on the dog. Much 
of the interest has centered on ability to make fine discriminations of sound. 
Many of the lesions have been concerned with removal of Munk’s area, which 
includes the caudal half of areas A and B of figure 1 and the posterior arm of 
the suprasylvian gyrus. Its removal was said by Munk to produce psychic 
deafness in dogs. Luciani and Seppilli’s dog S in which all of the caudal halves 
of the cerebrum were removed with the exception of area 3 on one side was said 
to have lost all perception of sound. Kalischer found that a dog previously 
trained to pick up meat for a certain sound and leave it alone for another sound 
could repeat the act after removal of Munk’s areas. Rothmann in a better set 
of tests trained a dog to come to him at the sound of a certain note and to lie 
down for another note. Retention of these responses followed removal of the 
sylvian gyri. 

As reported by Eliasson and Pavlov, Babkin established two different meat 
salivary reflexes to two different tones and this discrimination was possible after 
removal of Munk’s areas. However, when two conditioned reflexes were estab- 
lished using the same tones, but with different sequences of time between the 
tones, removal of Munk’s areas prevented the establishment of this differen- 
tiation. In addition, Babkin trained a dog named “Ruslau” to discriminate with 
the salivary reflex between ascending and descending tones. 'After removal of 
Munk’s area not only was this discrinunation lost, but the dog failed to respond 
to his name. Eliasson established two different conditioned reflexes to two 
different tones and also to a folk song in which Sold appeared and another to 
the same song in which Sold was absent. After removing two-thirds of the 
anterior portion of Munk’s areas this differentiation ultimately reappeared. In 
one dog Eliasson was able to inhibit a salivary sound reflex with 6 or 6 trials, 
but upon removal of Munk’s areas this inhibition was not elicited during 01 trials. 

Following removal of the sylvian gyri Girden reports complete loss of left and 
right side sound discrimination, while other large temporal lobe lesions simply 
depressed it. Pennington on the other hand maintains that the amount of left 
and right side discrimination is dependent on the amount of cerebral cortex 
destroyed. Kltiver and Bucy have reported auditory agno^ symptoms in apes 
following temporal lobe lesions. A quotation from Pavlov’s lectures as translated 
by Gantt states that ablation of the posterior half of the cerebral cortex leaves a 
blind and deaf dog, while complete decerebration leaves a helpless idiot. 

The difference in results from the writer’s lesions involving cortical areas A 
and B, and A, B and C, namely, delay in appearance and prevention of correct 
conditioned differential responses with auditory stimuli, suggests that only a 
small portion of the association cortex may be required for these responses. 
This is in part agreement with Lashley’s conclusions on discrimination of visual 
patterns. It was essential, however, that this cortex include an area from which 
tonal differentiation can be recorded. 

It was shown previously (1940, 1941 and 1943) that frontal lobe association 
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cells were not important for correct conditioned differential responses with 
auditory and general cu'taneous stimuli. However, removal of the prefrontal or 
pyriform-amygdaloid areas abolished correct conditioned differential responses 
■with olfactory stimuli for 200 to 400 tests while much larger lesions of the 
pos'teiior association cortex than those of cortical areas A, B and C produced no 
effect on correct condi'tioned differential responses 'with olfactory stimuli. 

The exact damage to the cortical association mechanism for sound from the 
largest lesions is unknown. It could include all of it or it could comprise: 
1. Terminal endings of the auditory projection fibers. 2. Association cells con- 
cerned with correlation of sound or of associated memory. These cells might 
relay directly to the foreleg motor cortex to bring about correct flexion of the 
foreleg or to the cells of the suppressor bands of Dusser de Barenne which 
have connections that might be capable of producing absence of foreleg response 
for the negative conditioned reflex. 3. The suppressor band cells might be de- 
stroyed. The position of these bands have not been determined for the dog, 
but in the cat Garol places one of these bands in the region of area C and another 
in the suprasylvian gyrus. Tower has located a large extrapyramidal inhibitory 
area in the sylvian and ectosylvian gyri of the cat. Lack of correct inhibition 
was apparently the chief impediment of all dogs unable to make correct condi- 
tioned differential responses as a result of the lesions, while incorrect inhibition 
appeared occasionally. 4. Severance of important interconnecting association 
circuits between' the cortex, corpus striatum and thalamus may have been a 
disturbing factor to the timing mechanism necessary for maintenance of correct 
conditioned differential responses. The presence of positive conditioned reflexes 
immediately after all lesions indicated the presence of sound impulses in the 
cortex and the functioning of the motor cortex. 

The great number of tests required for re-establishment of correct conditioned 
differential sound responses after bilateral destruction of cortical areas A and B 
suggest actual damage to the usual sound association circuits and the re-estab- 
lishment of new circuits. This is supported by the fact that after a dog reac- 
quires correct conditioned differential responses with the bell and cup analysers 
it takes about the same large number of tests to reacquire correct responses with 
the slow and fast bell. The fact that the previo’asly untrained dogs had as much 
diflSculty as the previously trained dogs in acquiring correct conditioned differ- 
ential responses after the lesions suggests importance of areas A and B as locali- 
ties for the formation of sound association circuits. 

This reacquired sound association mechanism, which was as accurate as the 
original, was apparently lacking in other respects. In agreement with Eliasson’s 
observations for the salivary conditioned reflexes, some of our operated dogs 

* Some records of this study suggest that more olfactory tests would have resulted ia the 
establishment of new association circuits from which correct olfactory conditioned differ- 
ential reflexes could be elicited. This, however, is not indicated from a recent report (This 
Journal 139; 663, 1943) from which it was shown from oscillographic records that electrical 
stimulation of the pyriform lobe resulted- only in voltage changes in the frontal association 
cortex and from an area, which, in the cat, is concerned with inhibition of the electrical 
acti'vity of the motor cortex. 
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lost the ability to make correct conditioned differential responses much earlier 
than normal dogs. A number of the dogs while being able to make perfect 
responses with the new association circuits did so under more tension as ex- 
hibited by tremor, fast or deep breathing and more general excitation. 

The timing mechanism of Lorente de N6 involving interconnecting neurons 
should lend itself very nicely to the procedure of formation of the origmal and 
the reacquired conditioned reflex circuits. 

A comparison of the records of the effects of the lesions on cortical areas B 
and C with those of the other areas in which correct conditioned differential 
responses were re-established after the lesions would seem to place this group 
closer to the groups in which the lesions involved A, B or C than to the group 
involving areas A and B. 

In general the positive conditioned reflex was but little affected by the lesions. 
In some instances it might be said to be a little stronger, weaker or more gen- 
eralized, but this response has variations in a normal dog. 

SUMMARY AND CONCLUSIONS 

Deletion of cortical areas A, B, C or B and C on both sides caused but little 
or no delay in appearance of previously acquired correct conditioned differential 
responses of the foreleg with two different sets of sound stimuli. 

Bilateral elimination of cortical areas A and B disrupts the usual association 
circuits for evoking correct conditioned differential responses for two different 
sets of sound analysers. Re-establishment of these responses required 370 to 
484 tests. The new mechanism was fully as accurate as the original, but was 
inferior in other respects. 

Unilateral elimination of cortical areas A, B and C permitted immediate return 
of correct conditioned differential responses with both sets of sound analysers. 

Bilateral destruction of areas A, B and C caused no noteworthy delay in the 
appearance of the positive conditioned reflex. ■ 

Complete bilateral destruction of cortical areas A, B and C (sylvian, ecto- 
sylvian and strips of the coronal and suprasylvian gyri) in 3 dogs prevented 
reappearance of correct conditioned differential responses in over 1100 tests for 
each dog with each set of analysers and for additional tests 6 months later. The 
presence of area 3 on the left side of one dog in which this operation was at- 
tempted, permitted correct responses for the slow and fast bell stimuli, but 
.abolished all correct responses for the bell and cup. Superficial coagulation of 
areas A, B and C in one dog resulted only in a delayed return of the correct 
responses. 

The first and chief effect noted from the larger lesions was one involving correct 
inhibition, inability to hold back foreleg flexion during a negative conditioned test. 

WhUe the usual time interval between tests was about 2 minutes, all of the 
dogs which were able to make comet conditioned differential responses after the 
lesions were also able to respond correctly to a series of alternate positive and 
negative conditioned tests when the interval between tests was of 3 seconds' 
duration. 
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The loss of fluid from the circulation is one of the major physiological changes 
in traumatic shock. In 1919 Cannon and Bayliss expressed a belief that there 
was not sufficient swelling in the traumatized area to account for the effects of 
the trauma. This belief, although it was not based on experimental measure- 
ment, lent weight to the view that in trauma there is generalized increase in 
capillary permeability, and consequently, a general loss of fluid from the circula- 
tion. In recent years other investigators have subjected this theory of general- 
ized fluid loss to experimental testing. Blalock (1930, 1931), Parsons and Phem- 
ister (1930), Cullen and Freeman (1941), Ashworth, Jester and Guy (1944) and 
Prinzmetal et al. (1944) compared the volume of a traumatized hind limb with 
that of an untraumatized hind limb by dissection after death. Manery and 
Solandt (1943) estimated the swelling of traumatized hind limbs by immersing 
them in water to a mark on the limbs and measuring the water displaced from a 
full tank. This method is in error if there is considerable spread of swelling up 
the abdominal wall. Furthermore, except in the work of Ashworth et al. (1944) 
these experiments did not involve blood volume measurements before and after 
trauma, so that the relationship between leg volume change and the blood volume 
change is of the nature of an estimate. 

The present work was undertaken by the author in 1943 to discover the rela- 
tionship between the blood volume change and the local fluid loss in trauma, and 
constitutes one aspect of the investigations of traumatic shock initiated in this 
laboratory by Dr. Magnus I, Gregersen. 

Pkooedure. a precise measurement of the local fluid loss was obtained by the 
use of the apparatus illustrated in figure 1. This tank is shaped to fit the dog 
board in such a way that frequent measurements can be made with the dog on 
the board. 

The hair is clipped from the dog^s back and tail and, by means of plaster of 
Paris, the waist band W and the tail splint T are fastened to the dog, the waist- 
band being attached to the back just above the crests of the iliac. When the 
plaster has set, the hind end of the dog with the w^aist-band, tail splint and con- 
necting strip S, is slipped into the tank and a water tight seal is provided by a 
layer of tacky grease between the matching curvatures of W and G. The tail 
splint is then fastened by means of bolts to the bottom of the tank, thus firmly 

1 The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and Columbia University. 
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and accurately securing the dog within the tank. The cover C is now bolted in 
place on its gasket R, and the sliding door D gently pressed down upon the dog s 
belly in such a manner that the sponge rubber gasket SR completes the Avatcr 
tight seal. This portion of the seal is also aided by the liberal application of the 
tacky grease. The foot end of the dog board is now tilted up I J inches to insure 
complete filling, and water at body temperature is poured into the filling tulx^ F 
until the tank is filled and w^ater appears in the overflow tubes ()/). The plug 
P is removed and the w-ater allowed to flow into a collecting pail tor weighing. 
In order to insure uniform and complete drainage, the head end of the dog l)oard is 
raised 1-| inches above the foot end during the collection of water. 



Fig. 1. Several views of the tank used in determining the swelling of traumatizcnl hind 
limbs is shown. This illustrates separately, and also in combination, the waist, band W, 
the tail-splint T and the connecting strip /S»; the sliding door I) with i ts sponge rubber gasket 
SR, the cover C and its gasket R, are also shown. The filling tube F, tlu* overflow t.ubes 
0,0 and the emptying spout P, are pictured here. 


The general experimental procedure was as follow>s: u set of control mtuisure- 
ments of heart rate, blood pressure by arterial puncture, henuitocrit., plasma 
protein by the refractometer, and rectal temperature were taken. During this 
period the blood volume w^as determined by use of the dye T-1824 (CJregcrsen 
and Stewart, 1939; Gregersen and Ratvson, 1943). Following the blood volume 
measurement, the splints w^ere plastered to the dog, the animal inserted in the 
tank and several measurements were made of the water drained from the tank. 
Frequently the animal was shifted and relocated wfithin the tank in order to test 
the accuracy with w^hich it could be replaced in the original position in the tank. 
The animal was anesthetized with ether, removed from the tank, and traumatized 
according to the method of Gregersen and Root (1942). After obtaining blood 
pressure and heart rate, the animal w-as carefully relocated in the tank, and the 
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drained volume again obtained. The difference between the drained volumes 
measured before and after trauma constitutes a measure of the swelling of the 
traumatized limbs. Subsequently the swelling was remeasured at intervals of 
about 90 minutes. The heart rate, blood pressure, hematocrit, plasma protein 
and rectal temperature changes were observed throughout the remainder of the 
experiment. At least one determination of the blood volume by the dye method 
was made after trauma. 

The pressure of the gasket, SR, on the dog’s abdomen does not measurably 
affect the blood pressure, the hematocrit, or the plasma protein values. How- 
ever, this gasket was applied only during the measurement of the drainage vol- 
ume, a duration of about five minutes for two determinations. The cover C 


TABLE 1 


DOG NO, 

DRAINAGE 

DRAINAGE AFTER RESETTING 

DIFFERENCE 


Grams 

Mean 

Mean dev. 

Grams 

Mean 

Mean dev. 

OF MEANS 

1 

12780 



12795 





12830 



12805 j 





12800 

12803 

18 

12795 

] 

12798 

5 

6 

2 

12780 



12810 





12800 

12790 

10 

12810 

12810 

0 

20 

6 

13510 



13510 





13535 

13523 

13 

13505 

13508 

3 

15 

16 

12485 



12490 





12500 

12493 

8 

12530 








12500 

12507 

16 

1 

14 


Average difference of the means 14 

Average of mean deviations 9 


was also removed between drainage measurements thereby making the femoral 
vessels easily accessible. 

Results. The accuracy of the method for determining swelling is illustrated 
by the data in table 1. The drainage values are given (4 dogs) for successive 
fillings of the tank at one position. Aiter the dog had been shifted from the tank 
and replaced as closely as possible in its original position, the drainage values 
were again obtained. It was concluded that the probable error in replacing the 
animal and in each drainage measurement was less than 15 cc. 

Figure 2 illustrates a typical experiment. The first measurement of limb 
swelling was accomplished 24 minutes after the beginning of trauma and showed 
an increase of 333 cc. in the volume of the limbs. One hour later the dye (T- 
1824) was injected intravenously. Blood samples were taken during the next 
hour for the blood volume determination. The difference between the blood 
volume measured before, and the value obtained after the trauma, is 270 cc. 
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values of the hematocrit, the plasma proteins, the swelling of the limbs and the decrease 
in the total blood volume after trauma. 

Fig. 3. Showing the limb swelling in three dogs which survived overnight. Dogs 5 and 8 
were given no water and showed no significant swelling overnight. Dog 15 drank a liter 
of water and had a large overnight limb swelling. 

Fig. 4. This shows the limb swelling appearing in two cases after the injection of 100 cc. 
of 0.9 per cent saline intravenously. 


TABLE 2 


DOG 

WEIGHT 

BLOOD VOLOME 

LZHB SWELLING 

LIMB SWELLING 
AT DEATH 

SURVIVAL 

TIME 

Before 

trauma 

After 

trauma 

Change 

A 

Min. 

after 

trauma 

Volume 

B 

Excess 

C 


Just after 
trauma 
D 

CC. 

cc./ 

kgm.E 


hgm. 

cc. 

cc. 

cc. 


cc. 

% 

cc./kgm. 



min. 

1 

7.00 

826 

635 

191 

24 

270 

+41 

39 

350 

45 

266 

2 

7.51 

759 

516 

243 

74 

300 

+24 

40 

325 

43 

334 

3 

8.47 

945 

682 

263 

40 

420 

+59 

50 

— 

! 

treated 

4 

8.00 

995 

490 

505 

35 

527 

+4 

66 

525 

1 66 

j 140 

5 

9.55 

930 

744 

186 

30 

297 

+60 

31 


— 

survival 

6 

4.43 

509 ! 

396 

113 

31 

155 

+37 

35 

210 

47 

160 

7 

8.55 

861 

626 

235 

50 

320 

+36 

37 

383 

45 

252 

8 

9.40 

788 

598 

190 

30 

300 

+58 

32 



survival 

9 

4.82 

486 

435 

51 

10 

65 

+27 

14 

136 

28 

272 

10 

9.21 

969 

703 

266 

30 

333 

+25 

36 

415 

45 

195 

11 

5.91 

628 

503 

125 

35 

210 

+68 

36 

240 

41 

long 












duration 

12 

9.64 

913 

^611 

302 

30 

334 

+11 

35 

415 

43 

256 

13 

7.95 

761 

358 

403 

23 

450 

+11 

57 

420 

63 

90 

14 

7.15 

762 

418 

344 

j 

30 

342 

-1 

48 

— 


treatment 

Average values (all animals) 




+33 

39 




Per cent of body weight (average). 




4.1 




Average value (nonsurvival animals) 
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Per cent of body weight (average). 






4.8 



Column C gives the per cent excess of the swelling of the limbs soon after trauma above 
the change in blood volume. This is given by the equation C% « 100 (B — A) /A. 
Columns D and E give the swelling of the limbs in terms of cubic centimeters ner kilo- 
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Thus the swelling of the limbs shortly after trauma exceeds the charge in blood 
volume by 41 per cent. Table 2 gives the percentage excess of the swelling of the 
traumatized region above the change in blood volume in 14 experiments. These 
values which range from —1 per cent to +68 per cent have an average of +33 
per cent. Therefore, the swelling of the traumatized region is adequate to ac- 
count for the blood lost from the circulation. 

Following the first measurement of swelling after trauma, the volume of the 
traumatized region continued to increase for a few hours. In cases where the 
survival was of sufficient duration, the volume approached a limiting value. 
This limit is probably set by the balance between the hydrostatic pressure of the 
bloodstream, the osmotic pressure (largely due to the plasma protdns in the 
blood) and the tissue pressure in the limbs (Youmans et al., 1934). It will be 
noted in table 2 that the experiments designated as “survival” or “long duration” 
have a relatively larger initial swelling than those of shorter duration. The 
blood pressure in the experiments of long duration is at a higher level than the 
blood pressure in the shorter experiments and will tend to produce a greater leak- 
age into the tissues. The blood volume after trauma remains relatively constant 
in the untreated fatal cases according to the findings of Gr^erscn and Eoot 
(1942). Therefore, it appears that the continued swelling of the traumatized 
region is due to the transfer of water and electrolytes from the interstitial space 
via the circulation to the extravascular traumatized areas. 

The extent of the swelling immediately following trauma and also at the time 
of death is shown in table 2, The mean values are 39 and 46 cc. per kgm. of 
body weight respectively. If the fluid causing the swelling in the limbs is as- 
sumed to have the specific gravity of blood, i.e., 1.05, it is easy to compute the 
swelling as a percentage of body weight. The values become 4.1 per cent of the 
body weight immediately following trauma and 4.8 per cent at death. 

Several of these experiments were conducted with certain modifications which 
necessitate their separate description. The first group (fig. 3) are survival ani- 
mals. These dogs were placed in their cages overnight and relocated in the tank 
on the following day. Dog 16 drank one liter of water during the night. On the 
following day, 15 hours after the previous measurement of leg volume, an addi- 
tional swelling of 245 cc. was found. For comparison dogs 5 and 8 were given no 
water overnight and showed insignificant leg volume changes, i.e., an increase of 
21 and a decrease of 25 cc. respectively in more than fifteen hours. These results 
suggest that after the first sis hours following trauma, the subsequent swelling of 
the traumatized regions is slight unless fluid is given to the animal. 

The effect of an intravenous injection of isotonic saline is demonstrated in figure 
4. Both dogs 16 and 17 were given intravenously 100 cc. of saline at the times 
indicated on the charts. The values of the swelling, which had attained a steady 
level before the injection, showed increases of 100 cc. and 50 cc. respectively, 
shortly after the injection. 

Dog 14 (fig. 5) demonstrates the effect of a transfusion, of whole blood upon 
the swelling of the traumatized region. This swelling (160 min. after trauma) 
had about reached its constant value, and since the animal was failing rapidly, 




MINUTES BEFORE TRAUMA MINUTES AFTER TRAUMA 

Fig. 5. Showing the effect of trauma followed by a transfusion of whole blood upon limb 
swelling, hematocrit, plasma protein, rectal temperature, blood pressure and heart rate. 


decrease of the blood volume which was 344 cc. Following the transfusion the 
blood pressure rose to 90 mm. As a result of this disturbance in the fluid pres- 
sure equilibrium, an additional swelling of 217 cc. appeared in the traumatized 
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region.* In this experiment the transfusion was not adequate to save the animal 
and the falling blood pressure prevented further swelling of the limbs. 

A review of the fluid shifts involved in this experiment is of some interest. At 
the time of transfusion the animal had 240 cc. of plasma, 178 cc. of cells, and 9.3 
grams of plasma protein. The transfusion added 170 cc. of plasma, 130 cc. of 
cells and 11.0 grams of protein. The total amounts then become 410 cc. of 
plasma, 308 cc. of cells and 20.3 grams of plasma protein. A blood volume deter- 
mination started 97 minutes after the transfusion, showed that 263 cc. of plasma, 
254 cc. of cells and 14.2 grams of protein were present in the circulation. This 
means that the loss from the circulation, presumably into the traumatized region, 
was 147 cc. of plasma, 54 cc. of cells and 6.1 grams of protein. The volume of 
fluid lost from the circulation was 201 cc., an amount very close to the measured 
increase in swelling of the limbs (217 cc.) . These results and those of the preced- 
ing experiments are not without interest in a consideration of the fate of some of 
the transfusion fluids. 

Discussion. In comparing the results obtained in these experiments with the 
findings of other workers, two situations should be considered . First, the experi- , 
ments in which dissection at death is the method by which the swelling of the 
traumatized region is determined give terminal values (Blalock, 1930, 1931; 
Parsons and Phemister, 1930; and Cullen and Freeman, 1941) . From the preced- 
ing papers one can obtain data on 8, 5, 6 and 6 dogs respectively. These results 
show the mean limb swellings in percentage of total body weight to be 5.3, 3.8, 
4.3 and 4.6 correspondingly. The weighted mean of these values is 4.6 per cent 
of the body weight. The above values compare favorably with the value ob- 
tained here (4.8) on 10 nonsurviving animals and gives support to the method 
presented in this paper. The data of Ashworth et al. (1944) give the relationship 
between limb swelling and the change in plasma volume. Their estimate for 
total blood lost into the limbs is 4 per cent of the total body weight, a lower value 
than above since the group of subjects included some possible survival animals. 

The second method of measurement, immersion to a mark on the limbs, will 
give results which tend to be low inasmuch as swelling up the abdominal wall is 
not measured. The work of Manery and Solandt (1943) furnishes the values of 
2.2 just after trauma and 3.3 per cent of body weight at death for the nonsurvival 
animals. These results are considerably lower than the corresponding values of 
4.1 and 4.8 obtained in the present work, the differences being probably ac- 
counted for by the method of immersion in which the swelling up the abdomen 
was not measured. 

The question of the adequacy of the swelling of the limbs to account for the 
change in the blood volume after trauma appears to be answered satisfactorily by 
the data presented here. In no experiment was the first measurement of swelling 
following trauma significantly less than the change in blood volume. 

SUMMARY 

1. A method was devised for the measurement of the volume of swelling ap- 
pearing in the traumatized limbs of the dog. 
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2. Measurements of the swelling appearing within one hour after* trauma 
showed an average swelling of 33 per cent in excess of the change in total blood 
volume (14 dogs). This swelling was adequate to account for the measured re- 
duction in blood volume. 

3. The swelling in untreated animals tends towards a maximum limit a few 
hours after trauma. The addition of fluid to the animal either by the absorption 
of water from the gut or by intravenous saline, plasma, or whole blood is accom- 
panied by a further increase in swelling in the traumatized area. 

4. In fatal untreated cases the average swelling just after trauma was 41 and 
at death 4.8 per cent of the total body weight. 
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The changes that occur in muscle after the application of a tourniquet which 
completely occludes the blood supply are similar to those of autolyzing 
muscle (1). Phosphocreatine is almost completely hydrolyzed in one hour. 
Adenosine triphosphate and glycogen almost disappear after three hours. The 
inorganic phosphates and lactic acid of the muscle increase to a maximum in 
about four hours. If the flow of blood is restored to the muscle within three 
hours there is re^hthesis of phosphocreatine and adenosine triphosphate with 
a corresponding decrease of the inorganic phosphate. Fatal shock does not 
develop even though large amounts of muscle have been occluded. If the oc- 
clusion is released after more than three hours there is no regeneration of the 
organic phosphates and considerable inorganic phosphate is washed from the 
injured muscle into the blood. Fatal shock develops in rats so treated if 
ficient muscle has been occluded but there is no evidence to suggest that in- 
organic phosphate or the hydrolytic products of the organic phosphates of 
muscle are important agents in the causation of shock. 

The fact that phosphates are washed out of injured muscle suggests that there 
is increased permeability of the injured muscle. Fine, Seligman and Frank (2) 
tagged plasma proteins with isotopes S®*, Br®® and R®® and found that the tagged 
plasma proteins escaped into the region of injury in considerable amounts but 
not into untraumatized regions. Engel and Porrai (3) studied the excretion of 
acid fuchsin into the knee joint of cats. When the same leg was crushed there 
was an increased excretion of the dye but when the forelegs were crushed there 
was no change. ^ 

Corcoran, Taylor and Page (4) observed a marked depression of renal funcr 
tion in dogs soon after the application of partially occluding tourniquets to the 
hind limbs of anesthetized dogs. They ascribed this depression to a humoral 
vasoconstricting sxibstanco which could be demonstrated m the plasma of such 
animals. There was a marked decrease of the diodrast clearance, which was 
usually greater than the decreased inulin clearance. On the basis that flow of 
renal plasma to the functioning excreting tissue was measured by the diodrast 
clearance and the rate of formation of glomerular filtrate from renal plasma was 
measured by inulin clearance, the depression of renal function appeared to be due 
to reduction of renal blood flow. After release of the tourniquets there was a de- 
pression of the diodrast extraction ratio so that a change of equilibrium between 
plasma and renal interstitial fluid was postulated. This change may have been 
due to arteriovenous shunting or to altered permeability of the renal epithelium. 

* Head before the Division of Biological Chemistry of the American Chemical Society, 
New York, New York, September 11-16, 1944. t 
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It seemed to us that a study of the transfer of phosphates from the blood to 
the muscle would be of interest for several reasons. It would indicate whether 
the membranes of injured muscle can maintain normal control of the transfer of 
phosphates from the blood and whether any correlation existed between the 
permeability of the muscle and its ability to regenerate the organic phosphates. 
Since the viability of muscle is associated with the ability to regenerate these 
phosphates and since the occurrence of shock is somewhat dependent on the 
viability of the muscle, it might be possible to correlate the occurrence of shock 
with a change in the permeability of the injured muscle. Information on any 
change in permeability of the muscle not injured directly by application of the 
tourniquet would also be of value. 

Preliminary experiments indicated that the transfer of phosphates from the 
blood to the muscle could be measured one hour after intravenous injection of 
radioactive sodium phosphate by determining the amount of phosphorus in the 
plasma and its radioactivity and the radioactivity of the phosphorus of the 
muscle. Seven groups of rats were studied in this way. The first group was 
normal anesthetized rats from which blood and the muscle from both hind legs 
were taken for analysis one hour after administration of In group two, a 
rubber band occluded the blood supply to one hind leg for one hour and was 
released at the time of injection of P**; one hour later blood and the previously 
occluded muscle and the muscle of the opposite leg were taken for separate 
analysis. In group three both forelegs and one hind leg were occludeid for one 
hour and then released and P®^ was given; one hour later blood and the muscle 
of both hind legs were taken for separate analysis. In group four, one hind leg 
was occluded for four hours with subsequent treatment similar to that of the 
other groups after release of the occlusion. In group five, one hind leg was 
occluded for three and a half hours and released for one hour before was 
given, blood and muscle being taken for analysis one hour later. In group sis, 
both forelegs and one hind leg were occluded for four hours and released at the 
time of injection of P®; samples were taken for analysis one hour later. In 
group seven both forelegs and one huxd leg were occluded for three and a half 
hours and released for one hour before the injection of P“; samples were taken 
for analysis one hour later. In this way studies were made of the rate of trans- 
fer of phosphate from the blood to the uninjured muscle and the previously 
injured muscle in groups of rats representing normal animals, anhnals with mild 
muscle injury but no signs of diock, animals with muscle injury and early signs 
of shock and animals with muscle injury and severe shock. 

Pbocedurb. Male rats weighing from 200 to 250 grams were anesthetized 
with pentobarbital sodium. A rubber band was wrapped tightly about the 
thigh and moved to the upper part of the thigh with the aid of a hemostat 
acting as a lever. In all cases there was sufficient pressure to overcome the 
arterial pressure. At the times indicated the constricting bands were cut and 
dibasic sodium phosphate containing 20 irdcrocuries of radioactive phosphorus 
from the Berkeley cyclotron and approximately 0.6 mgm. of phosphorus was 
injected intravenously. A few minutes prior to obtaining specimens for analysis 
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the skin, was loosened from the legs. Blood was withdrawn into a heparinized 
syringe by cardiac puncture exactly one hour after administration of the radio- 
active phosphorus. The Achilles tendon was severed and pulled upward and 
the flexor muscles of the leg were severed Avith one stroke and dropped imme- 
diately into a mixture of solid carbon dioxide and alcohol. The frozen muscle 
was powdered between cooled steel blocks and transferred frozen to tared tubes 
containing ice-cold 5 per cent solution of trichloracetic acid and glass beads. 
The tubes were shaken in a room at 0°C. for fifteen minutes and the solution 
was filtered. , , 

The inorganic phosphate of the muscle was precipitated at once from this 
extract as the magnesium ammordum salt. After standing four hours in the 
cold room, it was filtered, w'ashed and dissolved in hot 5 per cent nitric acid. 
The concentration of inorganic phosphate was determined by the method of 
Fiske and Subbarow (5) and the radioactivity was measured with a scale-of- 
four, Geiger-Miiller counter of the unmersion t3T)e (6). The filtrate and wash- 
ings from the magnesium ammonium phosphate were combined, made to volume 
and analyzed for concentration and radioactivity of the organic phosphate. 
The water content of the muscle was determined by drying the muscle to con- 
stant weight at 110°C. The plasma was extracted with trichloracetic acid and 
analyzed for P and P“ content. All measurements of radioactivity were cor- 
rected for decay and recorded as counts per second per milligram of phosphorus. 

Results. The phosphate entering the muscle from the plasma one. hour 
after being labeled with radioactive phosphorus was compared in seven groups 
of rats. The previous treatment of each group is indicated in table 1. Other 
rats not included in this study were allowed to recover from their anesthesia 
after the removal of the constricting band around the legs. Animals similar to 
groups 6 and 7 were usually in a state of collapse at the time the specimens 
would have been taken and the blood pressure was too low for accurate readings. 
Several animals in the groups 6 and 7 intended for muscle analysis died before 
the end of the one hour period after receiving P®^ All of the animals similar to 
groups 1 to 5 were in good condition with no appreciable fall of blood pressure 
one hour after the release of the occluded legs. All animals similar to groups 2 
and 3 made complete recoveries and regained the normal use and appearance of 
the occluded legs after the edema had subsided (two or three days). Those 
treated like groups 4 and 5 recovered but there was considerable necrosis of the 
occluded muscle only a few regained adequate function in the injured leg after 
three or four weeks and the muscle mass did not become comparable to that of 
the uninjured leg. 

The results of the experiments are summarized in tables 1, 2 and 3. A marked 
increase of the plasma inorganic phosphate occurred in groups 4, 5, 6 and 7, 
which corresponds to the severity of experimental procedure. Hemoconcentra- 
tion had occurred in each of these groups as indicated by hematocrit values of 
50.8 ± 1.7, 66.1 ± 1.3, 52.6 ± 0.6 and 62.6 d= 0.9 respectively. The hemato- 
crit values of ^oups 1, 2 and 3 were 40.5 ±1.1. There was considerable V8*iar 
tion of the specific activity of the plasma inorganic phosphate witihiBr*a®l»grqup 
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but there were no significant differences between the various groups except that 
groups 1 and 3 had lower specific activities because less F® had been adminis- 
tered. 

There was a definite increase of the amount of inorganic phosphates in the 
muscles of the unoccluded leg of groups 2, 4, 5, 6 and 7. This increase was 
accompanied by a relative decrease of the amount of organic phosphate present 
in the corresponding muscle. These changes may be associated with the fac- 
tors producing shock but we have frequently observed similar changes in ex- 
periments involving muscular activity and some manipulation of rats anesthe- 
tized for more than one hour. The fact that blood was withdrawn by cardiac 
puncture immediately before removal of the muscles may also have been a 
greater factor in the rats with more extensive experimental procedures. The 
specific activity of the inorganic phosphates varied considerably in the different 
groups. It was definitely less in comparison with the specific activity of the 
plasma in the experimental groups than in the normal animals. The specific 
activity of the organic phosphates of the muscle also varied considerably but 
was from 36 to 20 per cent of the specific activity of the inorganic phosphate of 
the same muscle. 

The marked increase of the inorganic phosphate of the occluded muscle of 
groups 4, 5, 6 and 7 was due to the failure of resynthesis of the organic phos- 
phates after the release of the occlusion, as is evident by the low values obtained 
for the corresponding organic phosphates. Most of the inorganic phosphate 
in group 5 had been washed out of the muscle by the blood during the two hour 
period after the release of the occlusion. The specific activity of the inorganic 
phosphate was defibuitely greater in the previously occluded muscle than in the 
unoccluded musclb of groups 2, 3, 4 and 5 but not in groups 6 and 7. The spe- 
cific activity of the oi^anic phosphates of the muscle was from 34 to 18 per cent 
of that of the inorganic phosphates. 

To obtain an index of the permeability of the muscle to phosphates from the 
plasma the following calculations were made: The total radioactivity of the 
inorganic and organic phosphates of the ramscle expressed as total counts each 
second was divided by the specific activity of the inorganic phosphate of the 
plasma. The result is the number of milligrams of phosphorus in the muscle 
that have the same radioactivity as that of the plasma. For example, the 
inorganic phosphates of muscle of unoccluded leg of group 1 averaged 26.5 mgm. 
per 100 grams of muscle with 100 counts for each milligram or a total of 2,650 
counts. The organic count on the safne basis was 4,211, and the total inorganic 
and oi^anic count was 6,861. The muscle was 76.4 per cent water and 100 
grams of dry muscle would contain 29,060 counts. Each milligram of phos- 
phorus in the plasma contained 1,033 coimts and 100 grams of dry muscle con- 
tained the equivalent of 28.1 mgm. of phosphorus with the same activity as that 
of the plasma. The numbers given in table 1 were obtained from the data of 
each individual experiment and may differ slightly from the calculations based on 
the average of the same data. Figure 1 shows the amount of phraphorus from 
plasma in 100 grasns of dry muscle in each group and the relative permeability 
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TABLE 1 


Phosphates of plasma and muscle one hour after administration of 


GROUP 

RATS 

LEGS OC- 
CLUDED 

HOURS 

MUSCLES 

WERE 

OCCLUDED 

AND 

RELEASED 

PLASMA INORGANIC PHOSPHATE 

LABELED PHOSPHATE PROM 
PLASMA MGM. P IN lOO GRAMS 

OP DRY MUSCLE 

Mgm. P in 100 cc. 

Specific activity* 

XJnoccluded 

Occluded 

1 

22 


0 

6.3 db 0 .lt 

1.033 t 

±36 

29 ±1 


2 

12 

1 

1-1 

7.3 ±0.2 

2,576 

±326 

17 ±1 

28 ±2 

3 

9 

3 

1-1 

6.9 ±0.1 

l ,192 t 

±32 

13 ±1 

24 d =2 

4 

13 

1 

4-1 

12.1 ±0.4 

2,807 

±266 

24 ±2 

49 ±5 

5 

12 

1 

3|-2 

14.7 ±0.4 

2,607 

±565 

28 ±4 

65 ±7 

6 

12 

3 

4-1 

16.8 ±1.4 

3,311 

±457 

24 ±3 

47 ±5 

7 


3 

3 J -2 

26.6 ±2.7 

2,621 

+±279 

25 ±4 

39 ±9 


Specific activity is the number of counts recorded by the Geiger counter each second 
for each milligram of phosphorus in the corresponding sample. 

t The figures after the mark db represent standard error of the mean. 
t Animals of these groups received a third as much as those of the other groups. 

TABLE 2 


Phosphates of muscle of unoccluded leg one hour after administration of 


GROUP 

WATER 

INORGANIC PHOSPHATES 1 

1 

ORGANIC PHOSPHATES 

Mgm. P in 100 grams 

Specific activity 

Mgm. P in 100 grams 

Specific activity 

1 

per cent 

76.4 ±0.7 

26.5 ±1.0 

100* ±4 

127.6 ±2.5 

33 ±1 

2 

75.7 ±0.6 

40.5 ±2.2 

135 ±19 

116.8 ±4.4 

39 ±7 

3 

77.2 ±0.5 

22.2 ±1,1 

76* ±6 

123.7 ±3.2 

14 ±2 

4 

74.9 ±0.6 

42.4 ±1.9 

206 ±19 

117.7 ±2.6 

74 ±7 

5 

76.1 ±0.5 

42.5 ±2.4 

171 ±31 

109.1 ±4.0 

47 ±11 

6 

74.1 ±1.0 

46.4 ±1.7 

230 ±21 

121.5 ±4^1 

72 ±8 

7 

74.6 ±0.8 

46.3 ±3.7 

238 ±43 

105,6 ±5.0 

58 ±14 


* Animals of these groups received a third as much intravenously as was given to 
those of the other groups. The relative distribution of is similar to that of the other 
groups. 


TABLE 3 


Phosphates of muscle of occluded leg one hour after administration of P®* 


GROUP 

WATER 

INORGANIC PHOSPHATES 

ORGANIC PHOSPHATES 

Mgm. P in 100 grams 

Specific activity 

Mgm. P in 100 grams 

Specific activity 

2 

Per cent 

77.8 ±0.5 

34.3 ±2.2 

217 ±10 

107.5 ±2.8 

74 ±6 

3 

77.1 ±0.4 

18.4 ±1.5 

122* ±7 

124.3 ±7.4 

34 ±3 

4 

82.4 ±0.8 

76.2 ±3.6 

294 ±32 

« 18.8 ±2.6 

88 ±11 

5 

82.6 ±1.1 

46,1 ±5.0 

544 ±115 

23.7 ±5.5 

98 ±16 

6 

80.7 ±1.2 

88.7 ±3.2 

238 ±34 

32.5 ±8.2 

85 ±11 

7 

81.6 ±0.7 

77.9 ±6.9 

172 ±45 

20.3 ±4.8 

54 ±7 


* Animals of this group received a third as much P*® as those of the other groups. 
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of each in curves obtained by dividing the amount of phosphorus from plasma 
in the muscle by the amount of phosphorus in the plasma. 

Comment. The greater uptake of by muscle after release of occlusion may 
be in part due to the inclusion of highly active phosphates from the plasma in 
the extracellular edema fluid of such muscles. We do not have sufficient in- 
formation to permit an accurate analysis of the distribution of the inorganic 
phosphates of the muscle but what information we have indicates that the major 
increase of radioactive phosphate is not in the edema fluid. In groups 2 and 3 



Fig. 1. The transfer of phosphates from the plasma to the muscle. The solid rectangles 
indicate the average number of milligrams of inorganic phosphate P in 100 cc. of plasma. 
The stippled rectangles indicate the number of milligrams of P which have entered KXI grams 
dry muscle of the unoccluded leg in the last hour of the experiment in each group. The 
erosshatehed rectangles indicate the number of milligrams of P which have entered 100 
gram dry muscle of the previously occluded leg in the last hour of the experiment. The 
circles connected with the solid line represent the relative permeability of the unoccluded 
muscle. The circles connected with the broken line represent the relative permeability of 
the previously occluded muscle. The assigned figure for relative permeability was obtained 
by dividing the number of milligrams of P which had entered 100 grams dry muscle by the 
number of milligrams of P in 100 cc. of plasma. 

in which the organic phosphates have approached normal values after release of 
the occlusion, a large part of the increased radioactivity is in the organic frac- 
tion. In the other groups the organic phosphates have been largely hydrolyzed 
and not resynthesized and the major increase of radioactivity is found in the 
inorganic fraction. The ratio of the specific activity of the organic phosphates 
to that of the inorganic phosphate^ was of the same magnitude in all groups, a 
fact which should indicate that no large accumulation of sequestered in 

the edema fluid of the muscle. 
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In the calculation of the amount of labeled phosphate in the muscle from the 
plasma certain factors have not been taken into account. The figures obtained 
represent only the amount of phosphate which is equivalent to the phosphate of 
the plasma one hour after administration of P®-. Certainly the phosphate 
entering the muscle from the plasma during the early part of the hour had much 
greater specific activity than that found at the end of one hour. The specific 
activity of the phosphate diffusing out of the muscle at the same time must have 
been much lower than that found at the end of the hour. During the hour 
after receiving P* there was diffusion of phosphates from the blood to the extra- 
cellular fluid and thence to the intracellular phosphates and conversion to or- 
ganic phosphates. At the same time diffusion was equal in the opposite direc- 
tion to the blood. Since we have no measum of these factors we cannot measure 
the actual amount of phosphate that entered or left the muscle during the hour. 
The amount of labeled phosphate present in comparison with that of the blood 
gives only an index of the total amount that has been transferred. Thisindex 
may be taken as the relative permeability of the muscle to phosphates although 
there is no indication w'hether the change of permeability has been in the capil- 
laries or the muscle itself. 


SUMMARY 

The amount of radioactive phosphorus present in the muscle one hour after 
administration of sodium phosphate containing is greater in muscle which 
has been previously occluded for one hour than in the unoccluded muscle of the 
same anesthetized white rat. Larger amounts are present under similar cir- 
cumstances in muscles which have been previously occluded for three and a* 
half or four hours. Less P®* is present in the unoccluded muscle of rats after 
release of occlusion of other muscle than is found in control anesthetized rats 
one hour after administration of P®®. If the rise in the phosphates of plasma 
which accompanies release of previously occluded muscle is taken into considera- 
tion it is evident that there is a marked depression of the permeability of un- 
occluded muscle to phosphates after release of occlusion to other muscle. After 
signs of shock are present there is a further reduction of phosphate transfer. 
On the basis of the amount of phosphates present in the plasma, the permeability 
of muscle after release of occlusion is more nearly that of muscle of normal 
animals but the transfer of phosphates falls rapidly when signs of shock are 
present. 
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Hemol 3 rtic depression of the erythrocyte numbers in dogs accompanied by 
increases in icteric indices following the oral administration of 10 mgm. per kgm. 
of choline chloride and 60 grams of lard daily has been reported previously by 
us (1). Loewy et al. (2) have presented evidence that a high fat diet fed to 
dogs increases their bile pigment ofitput. The hemolytic agents from fat are 
presumably soaps and fatty acids which have escaped ressmthesis into neutral 
fat during absorption (3, 4). 

The purpose of the present investigation was to learn whether the feeding of 
2 doses daily of fat and choline would produce a more marked depression of the 
red cell count than one dose; and to study the effect of a single dose of each sub- 
stance on the blood of man. 

Procedure. Normal dogs were kept on a basal diet of Purina Dog Chow 
meal and rolled oats. This diet has maintained dogs in apparently good health 
for at least 3 years in this labotarory. Red blood cell counts, hemoglobin 
percentage (Hellige) and readings of the icteric index were made on blood samples 
drawn from the saphenous veins of the dogs. Samples were drawn only when 
the animals were unexcited and in a resting, fairly basal, condition — at least 16 
hours after previous feeding or medication. Reticulocyte percentages were 
determined on films of blood smeared mth brilliant cresyl blue solution and 
counterstained with Wright’s stain. 

After normal control values had been deteimined on the blood of 3 dogs, 
choline and fat feeding was commenced. Each animal was given 60 grams of 
“Vegetole”® twice daily and 10 mgm. of choline chloride per kgm. of body weight 
twice daily. The latter was administered by stomach tube in dilute solution. 

Two human subjects were given at one meal (breakfast) a supplement of i 
pound of butter and 400 mgm. of choline chloride. The blood was studied at 
iatervals before and after this procedure. 

Results. Figure 1 shows the effect of the administration of 2 doses daily of 
fat and choline to 3 normal dogs upon their red blood cell counts. Depressions 
of 20 to 37 per cent in the erythrocyte numbers were produced by this procedure. 
Hemoglobin percentages were reduced, reticulocyte percentages were not signif- 
icantly changed,'but significant elevations of the icterus indices did occur (table 
1). After 4 days, the fat feeding was discontinued but cholilLe administration 
was not interrupted, and the erythrocyte numbers showed a tendency to rise 
during the next 2 days. 

* Besearoh paper No. 567i Journal Series, University of Arkansas. 

2 Armour’s shortening made from animal and vegetable fats. 
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Fig, 1. Red blood cell counts on 3 dogs which received fat and choline twice daily for 
four days beginning at zero time. 

Fig. 2. The effect of a single dose of choline and fat upon the erythrocyte numbers of two 
human subjects. 


TABLE 1 

Effect of fat and choline feeding on the blood of S normal dogs 



HEMOGLOBIN 
PERCENTAGE 
(100% * 14.5 
GBAMS) 

RETICULOCYTES 

ICTERIC INDEX 

Dog 1 Normal 

Per cent 

79 

per cent 

0.2 

6.6 

Choline and fat 1st day 

79 

24.0 

2nd day 

68 


20.0 

3rd day 

71 

0.1 

4th day 

69 


5th day 

75 

0.2 


Dog 2 Normal 

no 

0.1 

9.5 

25.0 

Choline and fat 1st day 

93 

2nd day 

90 


22,8 

3rd day 

98 

0.2 

4th day 

98 


5th day 

100 

0.05 


Dog 3 Normal 

103 

0.1 

1 

8.0 

1st exper, day 

88 

15.0 

2nd day 

75 


1 

' 16.0 

3rd day 

73 

1 0,5 

4th day 

80 


5th day 

84 

0.1 





Figure 2 shows the changes in the erythrocyte counts of 2 human subjects, 
which were produced by the ingestion of one-quarter pound of butter and 400 
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Digni. of choline chloride in addition to a regular breakfast taken at zero time 
(fig. 2). Although the erythrocyte numbers fluctuated considerably, it will be 
seen (fig. 2) that they were reduced below normal much of the time during the 
first 36 hours, and had returned approximately to normal at 48 hours following 
the fat and choline meal. Mild reticulocytosis was observed from the 3rd to 
the 5th day following the experimental meal. Normal values of 0.3 and 0.4 
per cent reticulocytes increased to 1.4 and 3.0 per cent respectively. 

Discussion. The rapid lowering of red cell counts (fig. 1) and the increased 
icteric indices (table 1) that resulted from the administration of fat and choline 
indicate that the anemia is due to hemolysis of erythrocytes. Previous work 
. (1) indicated that early discontinuation of fat feeding allowed the cell counts 
and icterus indices to return to normal. Other work (5) showed that the feed- 
ing of choline alone did not lower the erythrocyte counts in dogs until it had been 
administered daily for 8 or more days. Yet the simultaneous administration of 
choline was found to be necessary for fat feeding to lower the red cell count (1). 
Our conception of the mechanism by which choline and fat produce anemia has 
been stated previously (1). We believe that the products of fat digestion which 
have escaped resynthesis to neutral fat during absorption probably cause the 
destruction of red blood cells in these experiments, while the choline (by in- 
creasing the blood and oxygen supply to marrow) serves as a weak “brake” 
in preventing extra or compensatory activity of the bone marrow. 

A comparison of the results reported here (fig. 1) with our previous results 
(1) seems to indicate that 2 doses daily of fat and choline cause a somewhat 
greater amount of hemolysis than one dose, daily, of each. 

The depression of erythrocyte counts observed in 2 human subjects following 
a single fat and choline feeding (fig. 2) indicates that cells were hemolysed in 
this experiment, especially in view of the delayed reticulocytosis which followed 
in subsequent days. 


CONCLUSIONS 

The administration of 2 doses each, daily, of 60 grams of fat and 10 mgm. 
per kgm. of choline chloride to 3 normal dogs caused rapid reductions of 20 to 
37 per cent in their erythrocyte counts, accompanied by significant elevations 
of icteric indices. 

The addition of one quarter pound of butter and 400 mgm. of choline to the 
breakfasts of 2 human subjects caused depression of their red blood cell counts 
during the following 36 hours, succeeded by a subsequent reticulocytosis. 
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Various investigators have added known chemical compounds to clotting 
mixtures of thrombin and plasma or whole blood, or to solutions of purified 
fibrinogen in attempts to elucidate the coagulation mechanism. Mueller and 
Sturgis (1) reported that cysteine hydrochloride would prevent the coagulation 
of whole blood under anaerobic conditions. The same inhibitory effect was 
reported by Sterner and Medes (2) for cysteine, taurine, and taurocholic acid. 
Several compounds containing thiol groups (cysteine, glutathione, ergothioneine, 
and thiolhistidine) were found by Kiihnau and Morgenstem (3) to inhibit 
coagulation of human and porpoise blood. The most pronounced inhibition was 
exerted by the sulfhydryl form of glutathione (A-effect). If the SH group was 
blocked, however, the inhibition was replaced by a slight acceleration of clotting 
(B-effect) . In vitro acceleration of the coagulation of whole blood in the presence 
of nicotinic acid was claimed by Calder and Kerby (4). This finding was re- 
futed by Aggeler and Lucia (5) who substituted plasma for whole blood and 
observed a delay in clotting time. Chargaff and Bendich (6) produced coagula- 
tion of purified fibrinogen solutions with a number of synthetic agents in the 
absence of thrombin. They, too, were able to inhibit this effect by the addition 
of reducing substances like cysteine and sodium bisulfite. The only clear-cut 
evidence of acceleration of coagulation by chemical substances was suggested by 
Seegers and Smith (7) when gum acacia was present in clotting mixtures. See- 
gers and Smith ascribed this phenomenon to the increased sensitivity conferred 
on fibrinogen by the presence of additional colloid. Disagreement with this 
colloidal explanation will be discussed. 

Preliminary observations indicated that gum acacia and phenol, alone or in 
combination, when added to thrombin solutions decreased the time required for 
the thrombin to coagulate oxalated beef plasma. The degree of potentiation 
was striking, amounting in some instances to an apparent ten-fold increase of 
activity when computed in terms of thrombin tmits according to the method of 
Jacques (8) . It seemed of interest to determine whether other compounds imder 
comparable conditions would exert a anular effect. The list of compoimds 
tested is admittedly not exhaustive but an attempt was made to select a wide 
range of common chemicals. Altogether, 35 compounds were tested for their 
effect on the coagulation process. Several were found to give similar potentia- 

^ From data taken from the thesis submitted by C. F. Gerber in partial fulfillment of 
the requirements for the degree of Master of Science at New York University, Washington 
Square, New York. This author wishes to thank Dr. M. J. Kopac of New York University 
for his continued interest throughout the course of this work. 
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tion. Some compounds had no effect whatever. Certain other compounds were 
found to be distinctly inhibitory. 

Experimental. Procedure. The procedure for measuring clotting time is 
based on the method for quantitative assay of thrombin and prothrombin sug- 
gested by Jacques (8). Minor modifications have been adopted for convenience. 
Because of its more ready availability, oxalated beef plasma, aged by storing 
for at least one month in the ice chest, has been substituted for aged horse plasma. 
The clotting mixtures used in this laboratory contained 0.1 cc. of aged oxalated 
beef plasma, 0.1 cc. of diluted imidazole buffer, and 0.4 cc. of thrombin solution. 
These mixtures were found to be preferable to Jacques^ mixtures of 0.3 cc. of 
plasma, 0.1 cc. of buffer, and 0.2 cc. of thrombin solution. Greater sensitivity 
was obtained by the larger thrombin/plasma ratio without sacrificing the linear 
relationship between the logarithm of clotting time and the logarithm of thrombin 
concentration. 

Wherever possible the thromlDin concentration of a solution was adjusted to 
give a clotting time falling within the interval between 15 and 45 seconds. This 
was found to be the most reliable range for Jacques’ calibration curve. Solutions 
having shorter clotting times are subject to serious variation in absolute value 
because of the delay introduced upon starting the timer. Beyond the 45 second 
limit, end-points are frequently difficult to distinguish because the coagulum, 
instead of producing a shaip instantaneous transition, tends to become diffuse. 

To establish the effect of a given compound on coagulation some arbitrary 
concentration was prepared in saline. The solution was adjusted to the range 
between pH 7.0 and pH 7.5, most frequently to pH 7.4. This solution was used 
as the menstruum for a weighed sample of dried thrombin. If coagulation was 
accelerated at the chosen concentration, several other concentrations were 
selected in order to obtain an approximate optimum. However, if coagulation 
was delayed at the chosen concentration, dilutions were made until clotting time 
reached or approached normal or until some dilution exhibited acceleration of 
coagulation. Some potentiators were observed to exercise a destructive effect 
which progressed with time of contact with thrombin. As a standard procedure, 
therefore, the thrombin was triturated with. 0.2 cc. of saline, diluted to the re- 
quired volume with the experimental menstruum, and tested as rapidly as pos- 
sible. This procedure reduced to a minimum the destruction which frequently 
accompanied the potentiation. 

A control value, the clotting time for thrombin in saline, was established for 
each experimental compound. This was necessary since the experiments were 
performed with different samples of thrombin of varying purity and with different 
samples of plasma of varying sensitivity. The optimum concentration for any 
compound is valid since all concentrations of that compound were tested in 
identical systems. On the other hand, the optima for the several potentiators 
are only roughly comparable with one another because of the unavoidable vari- 
ations in conditions. The most significant factor is the variation in sensitivity 
of the plasma for test purposes. This condition was especially difl&cult to control 
because the plasma samples were derived from beef blood collected under com- 
mercial conditions at a local slaughter house. 
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Where activity is expressed in terms of units, the Iowa unit defined by Warner, 
Brinkhous, and Smith (9) is intended. 

The potentiation effect. An intimation of the extent of the potentiation effect 
may be obtained by referring to table 1. The controls represent successive dilu- 
tions of the same thrombin sample previously standardized according to Warner, 
Brinkhous, and Smith (9). The clotting times for these solutions were used to 
establish a calibration curve (Jacques (8) ). From this curve the clotting times 
of the experimental solutions in 2 per cent gum acacia were converted into their 
relative activities expressed in units/cc. of solution. The first two values in 
table 1 must be disregarded in computing the degree of potentiation because such 
short clotting times contain an inherent error as previously noted. For the 
thrombin sample used to compile the data in table 1 the degree of potentiation 
is 7.5 times. Other thrombin samples responded to the potentiators to varying 
extents. For any one preparation, however, there is a constant degree of 
potentiation regardless of the amount of thrombin present in the test solution. 

TABLE 1 


Comparative clotting times of varying concentrations of thrombin in saline and in the 
presence of S per cent gum acacia 


CONCENTRATION OF 
THROMBIN IN BOTH 
CONTROl AND 
EXPERIMENTAL 
SOLUTIONS 

CLOTTING TIME 

CALCULATED ACTIVITY, 
CORRESPONDING TO 
EXPERIMENTAL 
CLOTTING TIME 

DEGREE OP POTENTIATION 

EXPERIMENTAL ACTIVITY 

CONTROL ACTIVITY 

Control— thrombin 
in saline 

Ezperimental— 
thrombin in 2 per 
cent gum acacia 

{mitslcc*) 

seconds 

seconds 

iunits/ec.) 


20 

16 

3 

200 

10 X* 

10 

25 

6.6 

85 

8.6 X* 

6 

40 

10 

36 

7 X 

2.6 

05 

16 

20 

8 X 

1 


30 

7.5 

7.6 X 


* These values for potentiation are less valid because they are calculated from experi- 
mental clotting times falling outside of the reliable range of the calibration curve. 


Thrombin is the substance affected. The test compounds, per se, are incapable 
of coagulating fibrinogen. This was demonstrated by using clotting mixtures 
which contained all the components except tlu'ombin. None of the test com- 
pounds, with the exception of salicylaldehyde, coagulated the fibrinogen of the 
test plasma in the absence of thrombin. Salicylaldehyde produced coagulation 
only after a prolonged period of time. This observation is in contradiction with 
the findings of Chargaff and Bendich (6) who reported that purified fibrinogen 
solutions could be coagulated by the addition of chloramine-T, ninhydrin, 
alloxan, salicylaldehyde and other S 3 nathetic agents. The apparent discrepancy 
may well be due to the use by Chargaff and Bendich of purified fibrinogen solu- 
tions which have considerable colloidal instability (c.f. Jacques (8) ). Ferguson 
and Ealph (10) found that ninhydrin mixed with fibrinogen produced a flocculent 
granular deposit that was in no sense a coagulum. They support this contention 
by dark-field examination. 

The compounds under consideration have no effect upon prothrombin. With 
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a solution of gum acacia or phenol as the menstruum, no coagulation occurred 
when purified prothrombin prepared according to Astrup and Darling (11) was 
substituted for thrombin in the clotting mixture. Addition of a calcium salt in 
the absence of cephalin to the prothrombin-test compound mixture also failed 
to produce coagulation. There also was no coagulation when cephalin^ alone 
was added to identical mixtures. Therefore, the potentiators have no deter- 
minable effect on prothrombin and, acting alone, cannot mediate the conversion 
to thrombin. Hence, the compounds cannot substitute for calcium or thrombo- 
plastic substances in the process of conversion. 

The possibility remained that the observed phenomenon might be due to 
some contaminant present in the thrombin samples. To eliminate this possi- 

TABLE 2 

Comparative clotting times in the presence of potentiating substances, given at their 
experimentally determined optima 

Concentrations on either side of the optima give longer clotting times than the listed 
values. 


COMPOUND 

OPTIMUM CONCENTRATION 

CLOTTING TIME 


Experimental 

Control 


per cent 

seconds 

seconds 

Gum acacia 

6 

8 

40 

Phenol 

0.2-0. 5 

18 

30 

Catechol 

0.5 

20 

36 

Besorcinol 

0.1-0.3 

27 

36 

Hydroquinone 

0.25 

31 

36 

Pyrogallol 

0,2 

26 

36 

Phloroglucinol 

0.075 

26 

36 

o-Aminophenol 

0,3 

18 

36 

p-Aminophenol 

0.3 

27 

36 

Salicylaldehyde 

0.12 

15 

24 

o-Cresol 

0.75 

6 

25 

m-Cresol 

0.6 

10 

25 

p-Cresol 

0.5-0.75 1 

7 

25 

Picric acid 

0.1 

17 

26 


bility, samples of thrombin were tested which had been prepared from beef 
plasma and rabbit plasma by several different methods (11-13). A sample of 
human thrombin from the laboratory of Dr. E. J. Cohn^ (Harvard) was also 
tested. Eegardless of the species or the mode of preparation, the thrombin was 
affected in a qualitatively similar manner by the given compounds. 

Effect of various chemical substances. Those compounds which accelerated 
coagulation under the experimental conditions are given in table 2 with their 
approximate optima as determined in the manner described. Higher or lower 
concentrations of the compounds give longer clotting times than the listed values. 

2 Kephalin, purchased from Armour Laboratories, Chicago, Illinois. 

» Sample obtained through courtesy of Dr. M. J. Kopac, New York University. 
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Except for gum acacia, the potentiators are all phenolic compounds. This ex- 
ception may bear closer relationship to the phenols than appears evident at first 
^ance, as is suggested below. 

Gum acacia is somewhat unique among the potentiators inasmuch as it is 
not a distinct chemical entity. Although principally carbohydrate, commercial 
gum acacia is a complex mixture, containing also some amino acids, tannins, 
oxidases and other enzymes, and traces of magnesium, potassium, and calcium. 
One of the contaminants reported (14) is the tannin, acacatechin, possessing the 
following structure: 



While the possibility is just as strong that some other imknown constituent may 
be responsible for the potentiation, acacatechin must be considered on the basis 
of structural identity with the phenols. 

Repeated attempts to isolate and characterize the active constituent of gum 
acacia have been unsuccessful. However, these experiments have demonstrated 
the stability of the active substance and have served to eliminate certain factors 
from consideration. For example, solutions of gum acacia have been kept at 
room temperature without any precautions for indefinite periods of time and 
BtHl exhibited no diminution of potentiating activity. In fact, contamination 
by heavy mold growth in one solution did not reduce the effect. The active 
principle is not extractable with hot solvents. It resisted destruction when 
boiled in saline for one hour and was also unaffected when subjected to 24-hour 
digestion with pepsin at 37°C. These last two treatments destroyed the oxi- 
dase which contaminates gum acacia. This was indicated by failure to produce 
a blue color when benzidine was added in the presence of hydrogen peroxide (16). 

Seegers and Smith (7) attributed the observed decrease in clotting time to 
the colloidal properties of gum acacia. Objection to their colloidal explanation 
is substantiated by the following experiment: A 10 per cent solution of gum 
acacia in constant boiling HCl (20 per cent) was heated under reflux for two 
hours. The major portion of the carbohydrate was carbonized by this treat- 
ment. The carbonaceous material was filtered off, the filtrate neutralized and 
dialyzed free of salt. The solid content of the dialyzed filtrate was less than 
0.05 per cent, representing less than 0.5 per cent of the ordinal gum acacia. 
In ^ite of this treatment, the solution proved capable of accelerating clotting 
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time, although the effect was diminished appreciably. Obviously the colloidal 
nature of gum acacia is destroyed and hence can no longer be considered a factor 
in the observed phenomenon. Confirmation for this point of view is given by 
the inclusion of pectin and gum tragacanth in table 4. Although these sub- 
stances provide additional colloid substrate, they are inhibitors and not 
potentiators or stabilizers. 

Those compounds which exerted no effect on the coagulation process are listed 
in table 3. The given concentrations are the highest which were tested. Two 
of these, phenylcellosolve and p-hydroxybenzoic acid, are phenolic derivatives. 
In both instances, substitution has destroyed the phenolic nature of the molecule. 
The introduction of the highly oxidized carboxyl group into p-hydroxybenzoic 
acid tends to produce a stable molecule. Phenylcellosolve possesses a free 
hydroxyl group which is alcoholic rather than phenolic. The inactivity of these 
compounds indicates that readily reactive phenolic groupings are essential to the 
potentiation phenomenon. 

The inhibitory substances have been set down in table 4. The given concen- 
trations are the dilutions at which the inhibition tended to disappear. In some 


TABLE 3 

Siibstances which have no effect on dotting time 


COMPOXTJTO 

CONCENTItATION 

CLOTTING TIME 

Experimental 

Control 

p-Hydroxybenzoic acid 

per emt 

0.3 

seconds 

37 

seconds 

86 

Phenylcellosolve 

0.3 

25 

26 

Riboflavin 

(saVd) 0.12 

25 

26 


instances the concentrations are the lowest which were tested. Higher concen- 
trations of the substances give prolonged clotting times. In some instances 
coagulation is completely prevented at high concentrations. 

Discussion. The term “potentiation” is applied to the observed phenomenon 
because of the apparent increase in thrombin potential conferred by the presence 
of the accelerating compounds in the clotting system. Probably the not effect 
of thrombin upon fibrinogen is not altered by the addition of these substances, 
but their presence in the system enables thrombin to perform its normal function 
more rapidly. Examination of the data may afford some explanation for the 
mode of action of the potentiators and for the normal interaction between 
thrombin and fibrinogen. 

It was pointed out in connection with table 2 tliat, except for gum acacia, 
all of the potentiators are phenolic compoimds. The inactivity of p-hydroxy- 
benzoic acid and phenylceUosolve (table 3) indicates that readily reactive phenolic 
groupings are necessary for potentiation. Tyrosine and epinephrine, naturally 
occurring phenols, are listed in table 4 as inhibitors. Both compounds are 
readily oxddizable phenols, but the oxidation is irreversible. According to , Ball 
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and Chen (16), epinephrine is probably oxidized to an orthoquinone in the 
ordinary manner. However, tMs quinone is destroyed with such extreme 
rapidity that it is impossible to form an oxidation-reduction system with epi- 
nephrine. In a like manner, according to Raper (17), tyrosine is oxidized to 
o-dihydroxyphenylalanine and then to the ortho-quinone. Reversibility of the 
reaction is prevented by internal rearrangement and ring closure. Inhibition 
by these natural phenols indicates that the potentiation phenomenon requires 
not only reactive phenolic groupings but also that the phenolic groupings be 
reversibly oxidizable. 


TABLE 4 


Comparative clotting times in the presence of inhibitors, given at the concentrctiions atwhich 

the inhibition tended to disappear 
Increases in concentration give prolonged clotting times. 


COliPOXTllB 

CONCENTBAXION 

CLOTTING XZME 



Experimental | 

* Control 

Pectin 

^er cent 

0.01 

seconds 

57 

seconds 

36 

Gum tragacanth 

0.5 

49 

38 

Sodium bisulfite 

0.05 

51 

36 

Cysteine 

0.0001 

40 

36 

Cystine 

0.01 

52 

40 

Glutathione 

0.01 

28 

25 

Potato oxidase* 

(diPd lOX) 

54 

40 

Chloramine-T 

0,0035 

31 

17 

Ninhydrin 

0.08 

no clot 

17 

o-Phenylenediamine 

0.00001 

24 

24 

p-Phenylenediamine 

0.0001 

24 

24 

1-Ascorbic acid 

0.0001 

24 

25 

d-Isoascorbic acid 

0.01 

26 

25 

d-Glucoascorbic acid 

0.01 

25 

25 

Synkayvite *'Roohe''t i 

0.015 

30 

25 

Nicotinic acid 

0.05 

34 

25 

1-Tyrosine 

0.01 

26 

26 

1-Epinephrine 

0.1 

48 

26 


* Crude potato press juice. 

t Tetra-sodium salt of 2-methyl-l,4-naphtlioliydroquinone diphosphoric ester. 


These facts suggest that an oxidation-reduction mechanism is involved. The 
concept of an oxidation-reduction mechanism of blood coagulation is not new. 
In speculating upon the manner of coagulation of fibrinogen by their experimental 
agents, Chargaff and Bendich (6) proposed that coagulation resulted from the 
oxidation of some susceptible grouping of the fibrinogen molecule. Prom their 
experimental findings, Chargaff and Bendich suggested that aminoacyl group- 
ings were the most likely points of attack. Baumberger (18), on the basis of 
photodynamic coagulation of fibrinogen, postulated that coagulation occurred 
as a consequence of the oxidation of sulfhydryl groups. Baumberger concluded 
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that clotting can occur only when the thiol groups of fibrinogen are in the reduced 
or sulfhydryl forna and that thrombin is active only in the ojddized or disulfide 
form. In Baumberger’s theory the mechanism of coagulation involves oxidation 
of fibrinogen sulfhydryl linkages to the disulfide form with concomitant reduction 
of thrombin disulfide linkages to the sulfhydryl form. 

If active disulfide thrombin be represented as T — S — S — and coagulable 
fibrinogen as F — SH, then the normal process of coagulation may be represented 
as follows: 

(i) T— S— S— T + 2F-^H 2 T— SH + F— S— S— F 

Fibrin is represented here as the dis u lfide form of fibrinogen (F — S — S — ^F). 

Reversibly oxidizable phenols may well fit into an oxidation-reduction system. 
Because of the ease with which phenols are oxidized, they are excellent reducing 
substances. If a diphenol is added to the coagulating mixture, the formulation 
can be modified to read: 


(U) T-S_S_T 


(iii) 2F— SH -f- 


The net effect of equations (ii) and (iii) is identical with normal coagulation as 
expressed in equation (i); i.e., fibrinogen hydrogen is transferred to thrombin. 
The only difference lies in the rate of reaction as determined experimentally. 
The action of thrombin is thus potentiated because the phenols assume the r61e 
of hydrogen carriers mediating the normal oxidation of fibrinogen by thrombin. 

A number of compoimds in table 2 are monophenols. According to Raper (17) 
the first stage in the oxidation of a monophenol is the introduction of a second 
hydroxyl group in the ortho position. The oxidation then proceeds to the 
orthoquinone. Such a molecular modification would permit monophenols to 
play a role identical with that of the diphenols in mediating the clotting process. 

The inhibitory substances listed in table 4 are of such diverse chemical nature 
that any unified concept of their action seems imposable. Because of the irre- 
versible nature of the oxidation of tyrosine and epinephrine, clotting time would 
be prolonged since only the reduction of thrombin, equation (ii), can occur. 
The action of such active reducing substances as sodium bisulfite, cysteine, and 


OH 

A 


H- 


2T— SH + 


Y 

OH 


\ 


O OH 

A A 

— > F— S— S— F + 


Y 




H 
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glutathione is probably similar. The reduction of thrombin probably takes place 
but the oxidative cycle, involving hydrogen transfer to fibrinogen, is not com- 
pleted resulting in prolonged clotting time. A similar inhibition was reported 
for sulfur compounds by Kiihnau and Morgenstem (3). The slight acceleration 
of coagulation when the SH group of glutathione was blocked indicated that the 
inhibition reported byKiihnau and Morgenstem depended on the active reducing 
properties of the compounds. The ascorbic acids, also, probably belong in this 
category. They are easily oxidized but do not seem able to mediate the neces- 
sary hydrogen transfer. 

Chloramine-T and niahydiin are good oxidizing agents. Their ability to inter- 
fere with coagulation would appear to stem from their ability to maintain 
thrombin in the disulfide form. Ferguson and Ralph (10) also observed a pro- 
longation of clotting time when thrombin in ninhydrin solution was added to 
purified fibrinogen. 

On the basis of oxidation-reduction behaviour analogous to the phenols, the 
phenylenediamines might be expected to exhibit a reasonable degree of potentia- 
tion. A possible explanation for the failure to demonstrate potentiation might 
be fovmd in the destructive effect on thrombin exhibited by some of the potenti- 
ators. K the rate of destruction markedly exceeded the rate of potentiation, 
then the substances would appear to be inhibitory. 

The authors are indebted to Mr. Charles Anderson of this laboratory for 
assistance in preparing thrombin samples. 

SUMMARY 

1. The coagulation of fibrinogen by thrombin can be accelerated by the addi- 
tion to the coagulation mixture of various phenolic substances and gum acacia. 
The addition of other common reducing substances prolongs clotting time. 

2. Blood coagulation appears to be a process involving oxidation-reduction, 
operating possibly through the oxidation of susceptible sulfhydryl groupings of 
fibrinogen to produce fibrin. 

3. Potentiation of the thrombin-fibrinogen interaction by phenolic substances 
affords confirmatory evidence for the probable oxidation of fibrinogen by 
thrombin. 

4. A phenolic substance, in order to exhibit potentiation, must possess free, 
oxidizable hydroxyl groups and the oxidation must be reversible. 

5. The hypothesis is offered that the reversible oxidation-reduction of the ac- 
tive phenols permits them to accelerate the oxidation of fibrinogen by thrombin, 
with the phenols assuming the rdle of hydrogen carriers. 

6. It is suggested that reducing agents other than phenols, although able to 
reduce thrombin to the inactive sulfhydryl form, are inhibitory because they are 
unable to complete the cycle by accepting hydrogen from fibrinogen. 
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The fact that water and solutes are rapidly absorbed from autogenous serum 
placed in intestinal segments (1, 2) is strongly suggestive evidence that normal 
osmosis is not the major driving force in water movement from gut to blood. 
Recent studies with isotopic tracers (3) have given more convincing evidence 
for this conclusion. The studies reported here were deagned to elucidate further 
the phenomena associated with absorption of water from physiologically isotonic 
solutions. Autogenous serum placed in the gut provides a situation in which 
initially no important concentration difference exists between the intestinal 
lumen and the blood vessels in the intestinal wall. Therefore initially normal 
osmosis caimot cause net transport of water. Only two types of processes could 
conceivably alter this state of concentration equilibrium: (a) active transport of 
naaterials into or out of the gut by the intervention of the intestinal epithelial 
cells, or (b) changes in the materials of the serum within the lumen of the gut, 
as by enzymatic digestion. All known types of intestinal digestive enzjunes are 
hydrolytic and by their action would tend to increase the number of osmotically 
active particles in solution. Thus such an action should result in an increase in 
osmotic activity, the reverse of what will be shown to occur, and should further- 
more cause a net flow of water by osmosis into the gut, also the opposite of what 
is known to happen. One is left with the first type of process to account for the 
actually occurring changes. 

Method. Dogs which were de-wormed three weeks or more previously with 
two weekly doses of 2.5 cc. of totrachlorethylene were anesthetized with nembutal, 
30 mgm. per kgm. of body weight, intraperitoneally. Carefully washed ileal 
loops wer-e prepared as described previously (3). Quantities up to 100 cc. of the 
animals’ blood were removed and allowed to clot in a centrifuge tube. Measured 
quantities, between 10 and 60 cc. of the serum, were placed in ileal loops and 
samples removed at twenty-minute intervals. These samples, and arterial 
blood specimens taken at the beginning and end of the period of observation, 
were subjected to study. Chloride, carbon dioxide and sodium were determined 
by the techniques previously employed (4). The pH was measured with the 
Leeds and Northrup glass electrode. The total osmotic activity was measured 
by the Hill-Blades (5) thermoelectric vapor tension technique.* Special atten- 
tion was paid to the carbon dioxide tension in the thermocouple chamber in the 

' Aided by grants from the Rockefeller Foimdation and the Graduate School of the Uni- 
versity of Minnesota. ^ 

* Osmotic activity is expressed in terms of the concentration of sodium chloride in 
millimols per kilogram of water having the same vapour tension. 

4S7 
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osmotic activity measurements. In two cases the carbon dioxide tension in an 
artificially created gas phase in the intestine was measured and the equilibrating 
gas mixture made up to that concentration. In one instance such an intestinal gas 
phase was withdrawn and used to fill the thermocouple chamber of the Hill- 
Baldes apparatus. These controls showed that 6 per cent carbon dioxide in the 
chamber gave reliable results. All readings were made immediately after arrival 
at temperature equilibrium in the chamber. These precautions were taken in 
order to make certain that artefacts due to carbon dioxide loss or microbial or 
enzymatic action did not vitiate the results. Possible composition changes before 

TABLE 1 


Chemical composition and osmotic activity changes during absorption of autogenous serum 

from ileal segments 


EXP. 

NO. 

GtrX SEGMENT CONTENTS 

SBRXm 

j 

A O.A. in 
40 min. 

mi 

mE/mm, 

Chloride 

mE/L 

Carbon 

dioxide 

mM/L 

Sodium 

mE/L 

. 

pH 

Vol- 

ume 

change 

per 

cent 

Osmotic activity 
equivalents of NaCl 
mM/kgm. HsO 

Osmo- 

tic 

activ- i 

ity j 


0 

40 

0 ' 

40 

0 

40 

0 

40 


0 

20 

40 

Aver- 




time ! 

min. 

time 

min,' 

time 

min. 

time 

min. 


time 

min. 

min. 

age 




(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(B) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(16) 

1 

110 

80 

22 

35 





-49 i 

156.9 

147.0 

133.5 

166.9 

-23.4 

-0.8 

2 

99 , 

70 

28 

51 

152 

140 



-51 

155.0 


143.6 

166.3 

-12.5 

-0.7 

3 

109 

76 

32 

47 

153 

140 

7.51 

7.44 

-51 

156.5 

149.4 

139.6 

165.2 

-15.6 

-0.8 

4 

109 

74 

32 

58 



7,30 

7.35 

; +62 

164.0 

161.3 

169.6 

167.0 

-7.4 

-0.9 

5 

109 

68 

22 

45 

162 

162 



! -60 

159.0 

i 

149.1 

1 160.1 

-U.O 

-1.0 

6 

108 

85 

29 

41 

149 

143 

7.39 

7.39 

-62 

164.0 


161.0 

157.6 

-6.6 

-0.6 

7 

112 

82 

27 

47 

156 

133 

7.88 

7,42 

-60 

164.0 


147.6 

167.6 

-10.0 

-0.8 

8 

123 

63 

25 

55 





-65 

166.0 

143.6 

142.6 

153.2 

-10.7 

-1.6 

9 

112 

69 







-67 

166.6 

147.2 

138.5 

156.6 

-18.0 

-1.2 

10* 

112 

106 







+5 

156.6 

154.5 

152.8 

156.5 

-3.7 

-0.4 

lit 

111 

106 

29 

1 

33 

148 

148 

7.13 

‘ 7.17 

|. 

+256 

162.5 


159.5 

160.8 

-1.3 

-0.1 

Meant 

110 

74 

27 

47 

154 

144 

7.40 

7.40 

-44 1 

159.1 

149.7 

144.9 

157.7 

-12.8 

-0.9 


(107) 

(78) 

(28) 

(46) 










C-U J) 



*0.003M HgCla added. 
t0.004M HgCh added. 

X Excluding experiments 10 and 11. The numbers in parentheses are means for experiments St, 3, 3, 6 and 7, 


drop deposition on the theimocouple were minimized by storage at icebox tem- 
peratmre when immediate analysis was not made. 

Results and discussion. The major observations in eleven experiments 
are presented in table 1. It can be seen in column 9 that in all but one instance 
when unpoisoned serum was placed in an ileal loop there was a rapid absorption 
of water, amounting to more than 40 per cent of the volume in an hour. This is 
in confirmation of earlier observations (2). There is seen in columns 1 and 2 a 
regular and significant decline in chloride concentration. This decline, it may 
be noted, is in each case from the blood serum chloride level which is the original 
value . At the same time there is invariably an increase in carbon dioxide content 
as indicated in columns 3 and 4. The mean decrease in chloride is 36 mE/L, 
and the mean increase in carbon dioxide is considerably less, being 20 mM/L. 
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The ordinary change in sodium concentration is a decrease, the mean being 
10 mE/L. The balance of ions is thus fairly well accounted for, since the chloride 
loss should equal the sodium loss plus the carbon dioxide gain, if the latter is 
present as bicarbonate or some electrochemical equivalent. One can use either 
the mean of all experiments or that of the experiments in which all three values 
were measured. In the later experiments the mean decline of chloride was 
31 mE, of sodium 10 mE, and the rise in carbon dioxide 18 mE. The ion balance 
is thus accounted for within 3 mE/L. It is interesting to note, however, that 
there is a net decrease of inorganic electrolyte amounting to 12 or 13 mM/L 
depending upon which series is used. Unless there are compensating factors, 
that is, increases in concentration of other constituents, one would anticipate an 
approximately equivalent decline in osmotic activity. 

It is therefore significant to note in column 14 that the mean difference in 
osmotic activity between the blood serum and the gut fluid (autogenous serum 
undergoing absorption) after the same period of time is 13 mM/kgm. HsO, de- 
pending upon whether the total series or only the complete experiments are 
employed. Thus within the limits of error of measurement all of the osmotic 
activity change can be accounted for on the basis of NaCl movement from gut to 
blood against concentration gradients. 

The fact that the osmotic activity of autogenous serum in ileal segments in- 
variably declines with time, while water is being absorbed, throws light on the 
absorption phenomenon. Any hydrolytic reactions occurring would tend to in- 
crease osmotic activity, consequently it is believed that they play a negligible 
r61e in the changes observed. In two experiments low concentrations of mercuric 
chloride were added to the serum before introduction into the gut. In these, 
experiments 10 and 11, there was a much smaller change in osmotic activity, 
clfloride and carbon dioxide, and no change in sodium concentration. This effect 
of mercuric chloride has been studied more fully in other experiments (6). It 
may be noted that higher concentrations are necessary in the presence of protein 
to produce poisoning than are required in NaCl or Na 8 S 04 solutions. Even 
0.003 M HgCla does not poison the intestine completely in the presence of serum, 
whereas 0.001 M produces large effects in inorganic salt solutions (7). 

A few observations on the carbon dioxide tendon and the hydrogen ion concen- 
tration were made on gut fluids. Since the total carbon dioxide content of the 
fluids was also known, the Henderson-Hasselbach equation could be applied to 
ascertain whether the autogenous serum in the gut for an hour behaved as normal 
serum does. In experiment 6, for example, the carbon dioxide tension in the 
gas phase over the fluid in the gut was 7.0 per cent of an atmosphere. The 
total carbon dioxide content of the fluid was 41 mM per liter. Using the value 
pK^ = 6.10, one finds that the predicted pH value is 7.52, in place of the ob- 
served 7.39. Discrepancies in the same direction were seen in other experiments. 
This observation could result from a greater than normal content of some non- 
bicarbonate acid-labile carbon dioxide in the gut fluid. The form in which it 
may be is unknown but at any rate it is obvious that the value pK^ = 6.10 cannot 
be applied directly to this system. 
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It may be noted in column 15, table 1, that in every instance when unpoisoned 
serum was placed in an ileal loop the rate of chloride concentration decline was 
0.6 mE per minute or greater, whereas with HgCls additions the mtes were 
0.4 mE per minute or less. 

The fact that chloride impoverishment occurs during the absorption of auto- 
genous serum deserves comment. Ordinarily this occurs only in the presence of 
a polyvalent anion (8). It does not occur within the first hour during the ab- 
sorption of an isotonic sodium chloride solution, in which case the chloride con- 
centration tends to approach the blood level (9). The results with serum surest 
that the presence of protein alters the atuation considerably. The iso-electric 
point of serum albumen is below the pH values encountered (column. 7) and 
therefore the albumen is present as an anion. Since the protein cannot pass 
across the intestinal epithelium in significant amounts it would behave in this 
respect like polyvalent anions. 

The fin dings noted above concerning a sli^t imbalance in ion shifts indicate 
that a somewhat larger portion of the sodium in the serum may be electro- 
statically neutralized by protein or some other unknown anion after forty min- 
utes in the ileal segment than before. However more than eighty-five per cent 
of the sodium released by the loss of chloride can be accounted for by the carbon 
dioxide increase. Nevertheless it must be noted that the carbon dioxide need 
not be present entirely as bicarbonate. Indeed the calculatioirs noted above 
concerning the pK^ in the Henderson-Hasselbach equation applied to these data 
indicate that it is not. A significant fraction of the carbon dioxide must be 
present m some other form. It is impossible to say in what form it may be but 
it does not seem inappropriate to mention that with partial protein hydrolysis 
one would expect an increase in free amino groups, which could increase the 
fraction of carbamino carbon dioxide at any particular carbon dioxide tendon 
and pH. It is of interest that the time for evolution of carbon dioxide from 
these “gut serum” samples was noted to be extraordinarily long as compared 
with normal serum under the same conditions of analytical technique in the 
Van Slyke apparatus. Thus another reason exists for believing that a significant 
fraction of the carbon dioxide is not present as bicarbonate ion. 

However the carbon dioxide apparently is present in such form that its com- 
pound acts as a univalent anion both electrochemically and osmotically. The 
evidence on the electrochemical score has been given. The evidence as to 
osmotic activity appears in figure 1. Here it is apparent that within a fairly 
small margin the observed osmotic activity of “gut serum” samples agrees with 
predicted values obtained from the sums of sodium, chloride, and carbon dioxide 
concentrations, divided by two in order to permit comparison with sodium 
chloride as the reference solution. In this calculation an arbitrary correction 
is made for solid content, taken to be 9 per cent, in the serum. All observed 
values fall within 7.0 mM per kgm. H 2 O of the predicted quantities by this 
calculation. Since carbon dioxide may constitute as much as one-third of the 
total “anion” in this calculation the observed agreement strongly suggests that 
the carbon dioxide compound exerts an osmotic activity equal to that of an 
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equivalent amount of bicarbonate. This could occur in a hydrolyzing protein 
system since the uncovering of each amino group would simultaneously free a 
carboxyl. The former could bind a molecule of carbon dioxide and the latter 
satisfy the valence of a sodium ion. 

The experiments herein described appear to be important primarily because 
their results prove that with no initial concentration differences between intes- 
tinal lumen and blood there is nevertheless an active movement of materials 
from gut to blood. At the outset there are no concentration gradients and the 



Calculated Osmotic Activity 
mM per kg. H^O 

Fig, 1, A comparison of the observed osmotic activity of autogenous serum undergoing 
absorption from ileal segments with the values calculated from the sums of sodium chloride 
and carbon dioxide concentrations. Further explanations are given in the text. 

subsequent development of concentration differences indicates an active partici- 
pation of the membrane in the process. Net water movement between isotonic 
solutions cannot occur by normal osmosis, nor can the observed sodium and 
chloride transports occur by diffusion. Suitable inorganic salt solutions behave 
identically with serum in these regards (6). The serum experiments were per- 
formed primarily to obtain virtually complete identity of concentration of all 
materials on the two sides of the gut membrane, which is difl&cult to realize 
with artificial solutions. It should be noted that Heidenhain (2) measured 
the depression of the freezing point in serum undergoing absorption. He 
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found differences of 0.016 and 0.040°C. between the gut “serum” and the circu- 
lating blood serum. However, he did not control carbon dioxide loss and the 
results are therefore inconclusive. Nevertheless it is interesting that his obser- 
vations agree rather closely with those reported here using improved techniques. 
His maximum hypotonicity was about 10 mM as against the average value of 
13 mM obtained when the vapor tension method is used and precautions against 
carbon dioxide loss taken. 

In the light of isotopic tracer studies (3) the data herein presented can be 
interpreted quite readily. It has been shown that there is a continuous move- 
ment of both water and u ni-univalent electrolyte in both directions across the 
intestinal epithelium. The “apparent concentration” of univalent ions such as 
sodium and chloride in the water moved is much greater in the direction gut to 
blood than in the reverse direction. Thus the gut fluid would be expected to 
become impoverished in those ions, as it actually is. The impoverishment in 
electrolyte causes the observed hypotonicity, according to this reasoning. The 
isotope studies referred to above show further that the net rate of water absorp- 
tion from hypotonic solutions is 200 times greater than could be accounted for 
on the basis of the water concentration gradient and simple osmosis. Thus one 
cannot accept the otherwise attractive hypothesis that the salt movement causes 
hypotonicity and that the latter might cause absorption by simple osmosis. In- 
stead, although the ion impoverishment and hypotonicity are obviously inter- 
related, one is compelled to look further than to the hypotonicity to account for 
the water absorption. Somehow the osmotic pressure influences water absorp- 
tion, but there are many possible ways in which this could occur without normal 
osmosis being the mechanism. For example, the osmotic pressure might influ- 
ence the water content of surface epithelial cells and thus control their activities. 

SUMMARY 

1. Measurements have been made of the total osmotic activity, the volume, 
chloride, acid-labile carbon dioxide, sodium and hydrogen ion concentration 
changes in autogenous serum placed in ileal segments of anesthetized dogs. 

2. There is rapid absorption of water and chloride from such serum. The 
sodium concentration falls less while the carbon dioxide content rises. The 
total osmotic activity falls. The average chloride concentration fall is 36 mE/L 
in 40 minutes. The average sodium loss is 10 mE/L in the same time. The 
average total carbon dioxide increase is 20 mM/L. The average net loss of 
inorganic electrolyte is 13 mM/L, which is identical with the measured decline in 
total osmotic activity. 

3. There is a net absorption of sodium and chloride from autogenous serum 
in ileal loops, in spite of the fact that initially there are no concentration gradients 
present, and also in, spite of the fact that with time the concentration in the gut 
falls much below that in the circulating blood. 

4. The developing hypotonicity of originally isotonic solutions in ileal seg- 
ments was predicted from isotopic tracer studies of absolute rates of movement of 
water and ions between gut and lumen and blood. 
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5. Reasons are presented for concluding that active processes occurring at or 
in the intestinal epithelium must be postulated to occur in order to account for 
absorption of salt and water from autogenous serum in ileal segments. 
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Cobalt produces a marked polycsrfchemia in tbe rat (Waltner and Waltner, 
1929; Orten et al., 1931), the dog (Mascherpa, 1930; Davis, 1937), and in several 
other species of animals (Sutter, 1934). This effect does not occur, however, if 
the diet is lacking in iron or in copper (Orten, Underhill, Mugrage and Lewis, 
1932), the latter observation confirming in a unique way the essential nature of 
copper for hematopoiesis. Previous work in this laboratory (Orten and Orten, 
1943) has demonstrated and other recent work (Metcoff, Favour and Stare, 
1945) has confirmed the fact that an adequate amount of dietary protein is essen- 
tial for the maintenance of a normal concentration of hemoglobin in the blood of 
the rat. It therefore seemed possible that, if the organism is entirely dependent 
upon an adequate exogenous supply of protein for hemoglobin synthesis, cobalt 
administered to animals fed a diet deficient in protein should not produce a poly- 
cythemia as is true m normal rats. If, on the other hand, cobalt should produce a 
polycythemia under these experimental conditions, the importance of endogenous 
protein interchange in the oi^anism would be reaffirmed in an entirely different 
and convincmg manner. 

The present study was designed to study these questions in the rat. 

Experimental. A mild chronic anemia was produced in weanling female rats 
by the feeding of a diet low m protein (3.5 per cent lactalbumin) but adequate in 
all other respects, as has been previously described (Orten and Orten, 1943). 
After the anemia was well established by the feeding of the low-protein ration for 
a period of approximately 120 days, 10 of the rats were given cobalt orally, added 
to the daily vitamin supplements, in a dose of 0.5 mgm. cobalt (as recrystallized 
cobaltous sulfate) daUy. The remaining 12 animals were continued on the un- 
supplemented low-protein diet as controls. A group of 10 normal rats fed the 
stock colony ration and given cobalt were also studied. The various groups of 
animals were observed for an 8-week period, hemoglobin determinations being 
made bi-weekly during that time on blood obtained from a tail vein. A photo- 
electric acid-hematin method was used. Body weights were determined weekly. 
Erythrocyte counts were made in duplicate on all animals at the end of the 
experiment by the usual method. 

Results. The averaged hemoglobin values, together with actual minimum 
and maodmum values recorded, are given in table 1. 

1 Aided by a grant from the Committee on Eesearch, American Association for the 
Advancement of Science. A preliminary report was made before the meeting of the 
Division of Biological Chemistry, American Chemical Society, in Detroit, September, 1940. 
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It is evident that a marked increase in the hemoglobin content of the blood 
occurred in the cobalt-treated normal rats as has been previously described. 
The values reached a maximum approximately 6 weeks after cobalt feeding was 
started. The mild chronic anemia persisted in the untreated, low-protein rats 
throughout the period of observation as has been reported elsewhere (Orten and 
Orten, 1943). The hemoglobin concentration of the blood of the cobalt-treated, 

TABLE 1 


Hemoglobin content^ of the blood of control rats and rats fed a low-protein diet supplemented 

by cobalt 


PESXOD 

UNTREATED ‘*LOW- 

pbotein” controls 
(12 rats) 

COBALT-TREATED, 

“low-protein” group 
(10 RATS) 

COBALT-TREATED 
NORMAL controls 

(10 rats) 

Initial 

12.2 

12.3 

(11.3-14.6) 

15.8 


(10.3-13.6) 

(13.7-16.9) 

2-weeks 

12.1 

15.4 

(13.9-17.8) 

17.2 


(10.9-14.2) 

(16.^18.9) 

4-weeks 

11.7 

17.3 

(14.6-19.3) 

18.6 


(10.2-14.2) 

(15.9-21.6) 

6 -weeks 

11.6 

18.3 

(16.3-20.0) 

18.8 


(10.6-13.3) 

(16.4-20.7) 

8-weeks 

11.8 

20.2 

20.3 

(16.6-24.2) 


(10.3-13.6) 

(17.8-22.0) 


* Expressed as grams per 100 cc. blood. Group averages, with amnimum and maximum 
individual values, are given. 


TABLE 2 


Erythrocyte counts* of control rats and of rats fed a low-protein diet supplemented by cobalt 


GROUP 

stock diet 

LOW-PROTEIN DtET 

Untreated 

8.2 

8.1 


(7.^9. 1) 

(7.0-9.0) 

Cobalt-fed 

9.8 

9.0 


(8.1-11.3) 

(7.6-10.8) 


* Expressed as millions per cubic millimeters. Group average and individual minimum 
and maximum values are given. 


low-protein anemic rats, however, showed a progressive increase at approximately 
the same rate as was found in the treated normal rats until typical high values 
were attained. Terminal erythrocyte counts confirmed the presence of a typical 
polycythemia in the cobalt-treated, low-protein animals. The average red cell 
count (table 2) found in these animals was increased over the control values as 
was that of the cobalt-treated normal rats. The degree of increase of the eryth- 
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thxocyte values in the cobalt-fed, low-protein rats was somewhat more variable, 
however, than that which was.found in the treated normal rats. 

A very slight decrease in body weight occurred in six of the ten cobalt-fed, low- 
protein animals whereas a slight increase was found in the other four. There was 
no significant alteration in the average daily food intake. Likewise, there was 
little effect on the gross appearance of the animals, except for a reddening of 
the skin and eyes due to the development of the polycythemia. 

Discussion. The foregoing results demonstrate that cobalt will produce a 
polyc 3 rthemia in rats fed a diet low in protein as it does in animals given an ade- 
quate diet. The conclusion logically follows, therefore, that an adequate intake 
of dietary protein, although necessary for the maintenance of a normal content 
of hemoglobin iP the blood under ordinary conditions, is not essential for hemo- 
globin synthesis in the face of a sufficiently powerful hematopoietic stimulus. 
Apparently, extra supplementary protein from the “metabolic pool” is either 
diverted from other uses to hemoglobin formation or additional body tissue pro- 
tein is catabolized under the stimulus of cobalt administration and the degrada- 
tion products are utilized for hemoglobin production. The results also confirm 
the previous findings that cobalt is a potent hematopoietic stimulant and suggest 
that the mechanism of the polyc 3 dihemic action of cobalt, such as the production 
of local anoxia in the bone marrow (Orten, 1936) or the inhibition of respiratory 
enzyme systems (Barron and Barron, 1936), must be one effective in the anemic 
animal as well as in the normal. 

The fact that there was no consistent loss in body weight nor gross evidence of 
abnonnahties in the cobalt-treated, low-protein rats may be interpreted as indi- 
cating that the toxicity of cobalt is not greater in animals fed a diet low in protein 
than in adequately fed rats. This finding is of interest in connection with the 
observation (Griffith, Paveek and Mulford, 1942) that methionine, cystine, and 
cysteine each decrease the toxicity of cobalt. It should be added, however, that 
the rats of the present study, although consuming a diet low in protein, are in- 
gesting a protein, lactalbumin, which contains a relatively lai^e amount of me- 
thionine, and also that the dosage of cobalt employed in producing polycythemia 
is considerably less than the toxic level. 

conclusion 

The effect of cobalt on hematopoiesis in rats with a chronic anemia due to the 
feeding of a diet low in protein has been studied. 

Cobalt produces a polycythemia in the low-protein animals at approximately 
the same rate and to about the same degree as in normal stock rats. 

These results indicate that cobalt administration produces either a diversion of 
body tissue protein into hemoglobin synthesis or an increased utilization of the 
limited exogenous supply of protein for this purpose. 
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In a preliminary report we (1) have described observations upon the osmotic 
activity of approximately isotonic salt solutions undergoing absorption in the 
ileum. This paper presents the results of sixty-two experiments in which 
osmotic activity and electrolyte concentration measurements have been made on 
isotonic solutions of salts and mixtures of salts, with and without the addition 
of small amounts of several poisons. 

Methob. Experiments were performed on 20 to 30 cm. ileal segments of 
nembutal anesthetized dogs prepared as has been described previously (2). 
The thermoelectric vapor tension method (3) had been employed for osmotic 
activity measurement Analyses for choline (4), sodium (5) and total carbon 
dioxide (6) were by the methods indicated. 

Results and discussion. 1. Sodium Moride-sodium sulfaie solviion ab- 
sorption. Observations on changes in osmotic activity of solutions, originally 
approximately isotonic, consisting of equi-osmotic fractions of sodium chloride 
and sodium sulfate are shown in table 1. These solutions were placed in Heal 
loops and small samples withdrawn at 20 minute intervals for 40 minutes or 
more. In column 1 are shown the values for the osmotic activity of the dog’s 
plasma, taken under oil and kept from clotting with minimal amounts of heparin. 
Careful tests have shown that heparinized plasma and serum have identical 
osmotic activities under the conditions here employed. The mean value for 
plasma osmotic activity was equivalent to 161.5 mM NaCl per kgm. H 2 O and 
the spread was between 157 and 166 mM. Inspection of the other tables shows 
the same range of values for plasma osmotic activity This normal spread of 
10 mM in osmotic activity represents ±3 per cent of the total, consequently it 
is impossible to prepare a solution which will, with certainty, be closer than that 
percentage to isotonicity for any particular dog. The osmotic pressure differ- 
ence represented by 3 per cent of the isotonic concentration is about 150 mm. 
Hg, and is therefore by no means negligible in water transport studies. 

The initial osmotic activities of the sodium chloride-sodium sidfate solutions 
employed varied on either side of the plasma value and the mean was 158.4 
mM. Therefore the introduced solution was, on the average, 3 mM./l. hypo- 
tonic. Nevertheless, the osmotic activities after 20 minutes in the gut segment 
(column 3) were found in seventeen cases out of the twenty-one to have declined 
from the values at zero time, and in every case to be lower than the value for 
the dog’s plasma. Likewise at 40 minutes the same situation prevailed. Thus 
in 81 per cent of cases the osmotic activity of the gut solution deviated down- 
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ward frpm the plasma value for 40 minutes. This is, of course, opposite to 
any prediction from considerations of normal osmosis since during this time 
water was being absorbed. In the other 19 per cent of cases the osmotic ac- 
tivity of the gut fluid remained hypotonic but it did not increase in hypotonieity 
relative to the plasma. 

In column 5 are presented the differences in osmotic activity between, the gut 
samples at 40 minutes and the blood plasma. The AO. A. always has a negative 

TABLE 1 ... 

Osmotic activity changes during absorption of approximately isotonic solutions of . • 


NaCUNazSOi mixtures from ileal segments 




OSMOTIC ACTIVITY mM NaCl PER KGM HjO 


RATIJ OF ICr ] . 
CHANGE 

EXPX. NO. 

Plasma ave. 


Gut solution 



A PI 


over period 

1 

TimeO 

2 

20 min. 

3 

40 min. 

4 

5 

6 

1 

160.5 

144.3 

149.4 

154.2 

- 6.3 

mE.flJmin. 

- 1.6 

2 

162.7 

157,4 

166.0 

157.0 

- 5.7 

- 1.8 

3 

166.2 

159,9 

160.1 

157.3 

- 8.9 

, - U2 

4 

164.6 

156.2 

153.8 

152.3 

- 12.3 

i - 1.4 

5 

164.6 

166.6 

158.7 

156.3 

- 8.1 

! - 1.7 

6 

162.5 

160.0 

155.6 

153.5 

- 9.0 

i - 1.4 

7 

158.9 

159.5 

167.6 

156.5 

- 2.4 

, -1.2 

8 

161.6 

159.5 

157.2 

169.8 

- 1.8 

‘ - 1.7 

9 

161.0 

' 160.0 

154.5 

152.8 

- 8.2 • 

. - 1.6 

10 

161.0 

160.0 

161.6 

156.0 

- 5.0 

1 - 2.1 

11 

160.6 

159.8 

156.0 

155.0 

- 5.6 

’ - 1.1 

12 

160.6 

159.0 

152.6 

153.0 

- 7.3 

- 1.2 

13 1 

163.0 

159.9 

157.5 

157.1 

- 5.9 

‘ - 1.1 

14 ! 

163.0 

158.2 

154.4 

157.2 

- 5.8 

- 1.7 • 

16 

160.8 

156.8 

157.0 

156.8 

- 4.0 

- 0.6 

16 

160.8 1 

155.4 

157.8 

156.2 

- 4.6 

- 0.9 

17 

160.6 

156.1 

154.4 

153.7 

- 6.9 


18 

160.6 

155.6 

154.4 

155.9 

- 4.7 


19 

159.6 

160.3 

154.4 

153.4 

- 6.2 

.- 1.7 

20 

160.3 

160.4 

156.1 

158.6 

- L 7 

- 1.9 

21 

157.4 

160.4 

156.4 

155.4 

- 3-0 

— 

Mean 

161.6 

158.4 

155.5 

155.6 

- 5.9 

- 1.4 


value, indicating gut fluid h 3 rpotonicity, and the mean is 5.9 mM. ' Froih these 
data it is apparent that the developing hypotonieity of such gut salt solutions 
during absorption is an entirely regular phenomenon. . . ' 

In column 6 appear the data obtained by measurement of gut fluid chloride 
concentration at zero time and at 40 minutes. The initial values’ 'were iall 
between 70 and 90 mJEl. It will be seen that the rate of chloride impoyetish- 
ment was very high. A value of 2.0 mE. per liter per minute represeilts total 
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absorption, within the 40 minute period from a solution containing 80 mE. per 
liter. The average decline was to 24 mE. per liter. As has been pointed out 
earlier (2) there is a concentration of sulfate associated with the chloride im- 
poverishment. 

2. The influence of poison on sodium cldoride-sodium sidfate solvMon ahsorp- 
tion. In table 2 appear the data from six experiments in which 0.001 to 0.003 M. 
HgCb was added to approximately isotonic sodium chloride-sodium sulfate 
solutions placed in ileal segments. In sharp contrast to the situation in un- 
poisoned solutions it is to be seen from columns 1, 2, 3 and 4 that the gut osmotic 
activity tends to approach the plasma level, rather than to fall below it. The 
mean AO.A. is —0.7 mM., which is 12 per cent of the value seen in the absence 
of HgCb. 


TABLE 2 


Influettce of HgCh on osmotic activity changes during absorption of NaCl-N'a'^Oi 
solutions from ileal segments 


EKPT. NO. 

POISON 

OSMOTIC ACTIVITY mM NaCl per kgm. HjO 

HATH OP 

IC1“] 

CHANGE 

6 

Plasma* 
ave. over 
period 

1 

Gut solution 

AO.A. 

5 

Zero time 

2 

20 min. 

3 

40 min. 

4 









1 

0.001 M HgCls 

158.3 

150.2 

156.1 

158.6 

i +0.3 

-0.2 

2 

0.001 M HgCU 

163.5 

150.1 

168.3 

161.5 

-2.0 

-0.1 

3 

0.001 M HgCla 

158.8 

160.4 

158.9 

158.2 

-0.6 

-0.1 

4 

0.001 M HgCh 

159.5 

160.4 

159.0 

158.8 

-0.7 

±0.0 

5 

0.003 M HgCls 

158.8 

160.4 

159.8 

159.0 

+0.2 

±0.0 

6 

0.003 M HgCls 

159.5 

160.4 

160.2 

158.2 

-1.3 

+0.1 

Mean 

159.7 

157.0 

158.7 

159.1 

1 

0 

± 0.0 


Equally striking is the difference in chloride impoverishment between these 
experiments and the previous ones. Here the values, as seen in column 6, 
range between d=0.2, and the average is zero. There is no particular significance 
to the zero value, because it will be noted in experiment 6, one of two with 
0.003 M HgCh, that the chloride concentration rose with time. The concen- 
tration of HgCh determines the degree of poisoning. With higher levels the 
restriction to chloride movement into the gut is more completely lost (7). 
Poisoning with HgCla produces at least two end effects, it prevents the occur- 
rence of any significant hypotonicity (the mean value of -0.7 mM./kgm. H 2 O 
for AO.A. is without statistical significance) and it prevents chloride impoverish- 
ment. Comparison with the results in section 6 will show that the failure in 
chloride impoverishment in the poisoned gut is associated with the absolute or 
relative increase in the rate of movement of chloride ion from blood to gut. 
These two end effects of poisoning may or may not be due to the same action. 
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3. Sodium sulfate solution absorption. The data from five experiments in 
which an isotonic or slightly hypotonic sodium sulfate solution was placed in 
ileal segments are shown in table 3. In these experiments in every case but one 
the gut osmotic activity tended to approach the plasma osmotic activity. The 
mean value for the difference between the gut osmotic activity at 40 minutes 
and the plasma value was found to be (column 5) —2.3 mM./kgm. HjO. This 
value is significantly less than the —5.9 found in the case of isotonic sodium 
chloride-so^um sulfate solution mixtures. In only three out of twenty-one 
cases was the A0~A.. in the latter series smaller than the highest value in the 
sodium sulfate series. It is concluded that the presence of an electrolyte, both 
ions of which are readily able to permeate the gut wall, is essential to the oc- 
currence of hypotonicity in salt solutions undergoing absorption. Both sodium 

TABLE 3 


Osmotic activity changes during absorption of approximately isotonic solutions of 
NatSOi from ileal segments 



OSMOTIC ACTIVITY mM NaCl TER KCM. H2O 

RATE OF IC1“) 
CHANGE 

EXBT, NO. 

Plasma avc. 

Gut solution 

A OA. 


over period 

Zero time 

20 min. 

40 min. 




2 

3 

4 

5 

6 





■■i 



1 

166.8 

166.2 

mmM 

BSI 

--0.8 

-t-0.1 

2 

166.8 

156.7 



"4.0 

-1-0.2 

3 

362.5 

156.7 

359.3 


"2,3 

-HO.l 

4 

160.8 

160.2 

156.5 


"2.7 

±0.0 

5 

158.9 

150.2 

164.8 


"1.7 

+0.1 

Mean 

163.2 

156.0 

159.3 

160.9 

"2.3 

+0.1 


and chloride ions can so permeate the gut-blood barrier, but the sulfate ion is 
restrained, in common with all other non-toxic polyvalent ions which have been 
studied (8). 

In column 6 of table 3 it will be noted that the change in the chloride concen- 
tration which was originally zero, was from ±0.0 to -f-0.2 mE./l. in the several 
experiments. The mean change was ■+• 0.1 mE./l. That is to say that the 
chloride concentration in the gut fluid rose to 4.0 mE./l. over 40 minutes, which 
is to be compared with the plasma level of 100 mE./l. In one instance there 
was no measurable net entrance of chloride, and in one the value was double the 
mean. It is obvious that the gut epithelium allowed virtually no net transfer 
of chloride into the gut lumen. This is by no means equivalent to saying that 
chloride did not enter because there is every reason to bddeve that it did. How- 
ever, if it did the rate at which it moved in the opposite direction (gut to blood) 
was in one case exactly as great, and in the other four, very nearly as great. 

Observations on sodium movement using its radioactive isotope as a tracer 
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(9) bear upon this question. In those studies it was found that with approx- 
imately a zero concentration of sodium in the gut fluid, made to isotonicity with a 
magnesium salt, the absolute rate of sodium ion movement from blood to gut 
was about’ 0.3 mE./lO minutes, using loops containing 20 cc. of fluid. Thus 
the concehtration change would have been 16.0 mB./l./lO minutes or 1.6 mE./l./ 
minute if there had been no movement in the opposite direction. Unpublished 
observations in three experiments in which radioactive isotopes of sodium and 
chloride'-were employed simultaneously, have shown that under comparable 
concentration conditions the two ions move with approximately the same rates 
across the ileal epithelium. Therefore the figure 1.5 mE./l./minute is a value 
which can probably be transferred without serious error, to the case of chloride 
in' the' present experiments. Instead of this quantity we find 0.1 mE./l./ 
minute. Obviously more than 93 per cent of the chloride ion entering the gut 

TABLM 4 


Influence of poisons on osmotic aclimly changes during absorption of NttaSOi solutions 

from ileal segments 


•.1 


OSMOTIC ACTIVITY mM NaCl TEH KGM. H 3 O 


EXPr. MO. 

POISON 

Plasma 
ave. over 
period 

1 


Gut solution 


AO.A. 

5 

(cn 

CHANCE 


, 

Zero time 

2 

20 min. 

3 

40 min. 

4 

6 

1 

0.001 M HgCl. 

158.9 

150.2 

163.7 

166.8 

+7.9 

mE.ll./min, 

+1.9 

2 ‘ 

0.001 M HgCl. 

160,8 

150.2 

169.1 

161.6 

+0.8 

+1.0 

3 

0.001 M HgCla 

163.5 

160.2 

161.2 

164.0 

+0.5 

+1.1 

4 

0,001 M HgCU 

168.3 

150.1 

158.6 

160.7 

+2.4 

+1.0 

5 

0.001 M Na arsenile 

160.1 

167.6 

157.8 

169.7 

--0.4 

+0.5 

f) ' 

0.002 M Na arsenile 

156.5 

157.2 

156.9 

157.2 

+0.7 

+0.3 

7 

0,002 M Na arsenite 

160.1 

167.5 

157.8 

166.0 

+5.9 

+1.0 

8 ^ 

0.010 M Na arsenite 

160.1 

157.5 

171.5 

169.8 

+9.7 

+2.0 

Mean, 


160.9 

153.8 

160.8 

163.2 

+3.4 

+1,1 


must have left it virtually simultaneously, according to this reasoning. Other- 
wise the chloride concentration should have risen to CO mE./l. instead of to the 
observed 4 mE./l. in 40 minutes. 

4. The inflvmce of poisons upon sodium sulfate solution absorption. The 
results of. eight experiments with slightly hypotonic sodium sulfate solutions in 
which HgClz or NaAsOs in concentrations 0.001 to 0.002 M. were employed as 
poisons are presented in table 4. Here it is seen that in all but one instance the 
gut solution became hypertonic, the values in column 5 ranging from —0.4 to 
-f 9.7 mM./kgm. H 2 O. This situation is the opposite of that seen with un- 
poisoned salt solutions, and is also in contrast with that found when isotonic 
so^um chloride-sodium sulfate solutions were poisoned. In the latter the 
end result was a virtually isotonic solution. With sodium sulfate solutions 
poisoned as indicated the increase in osmotic activity is associated with the 
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chloride movement. In column 6 it can be seen that there is a large influx of 
chloride ranging from 12 to 80 mE./l. concentration change in 40 minutes and 
averaging 44 roE./l. This finding could obviously account for the osmotic 
activity change if the chloride entered faster than the sulfate was lost. The 
sodium movement need not be concerned because substituting chloride for sul- 
fate brings a 4 :3 increase in osmotically active ions. 

The observed increase in osmotic activity with poisoned sodium sulfate could 
be accounted for qualitatively by assuming that a barrier to the entrance of 
chloride into the intestine had been broken down and that the entrance of 
chloride along its diffusion gradient, either exchanging with sulfate, or carrying 
a cation with it, caused the increase in osmotic concentration. However it is 
not certain that this simple explanation is correct. An alternative hypothesis 
is equally plausible, namely, that the poison alters the rates of active movement 
in the two directions across the intestinal epithelium. No attempt will be made 
at this time to decide between the alternatives. 

5. Volume change and osmotic activity. A comprehensive picture of the rela- 
tion between osmotic activity differences between the fluids in the intestine, 
and the bjiood plasma on the one hand, and the net water movement on the other, 
can be obtained by plotting the two variables against each other. This has 
been done in figure 1 for all of the experimental situations discussed in the pre- 
vious sections. The most striking fact that appears is that with one exception 
which will be discussed, there was no instance of net water absorption (negative 
' volume change) except when the osmotic activity of the gut fluid was lower 
than that of the plasma at 40 minutes after placing the fluid in the intestinal 
segment. In the one exception referred to the apparent absorption w^as 1 per 
cent, a value within the error of measurement, consequently the rule is appar- 
ently universal. This is in spite of the fact that, as pointed out above in table 
1, many of the gut fluids were hypertonic at zero time. It is therefore a neces- 
sary condition for net water absorption that the intestinal epithelium must be 
able to decrease the osmotic activity of the fluid in the gut lumen. In no in- 
stance were solutions more than 3 mM./l. hypertonic employed in these studies, 
consequently it is not possible to be certain as to how far along the osmotic 
activity scale this action would appear. 

On the other hand it is evident that such a rule in reverse does not prevail 
for intestinal volume increase. In nine out of twenty-three cases of volume 
increase the osmotic activity was less in the gut fluid than in the plasma. It is 
quite obvious that in these cases normal osmosis could not account for the 
volume increase. Perhaps secretion of the intestinal ^ands plays a r61e in this 
situation, but it is generally believed that these secretions are isotonic. Fur- 
thermore there is not a correlation between the^ magnitude of the volume in- 
crease and the extent of hypertonicity, as there should be if normal osmosis were 
responsible for the voltjime change. 

Furthermore there is not a high correlation between the rate of volume de- 
crease and the extent of h37potonicity. The points in the lower left quarter of 
the graph are very widely scattered, indicating that although developing h3rpo- 
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tonicity is invariably associated with water absorption, the osmotic force set np 
is probably not the driving force for water transport* If it were, the tendency 
should be for the points in the graph to be linearly related to the osmotic pres- 
sure gradient. 



Fig* 1. Plot showing the relation between the water transport and the osmotic activity 
difference between gut segment fluids and the plasma, expressed in mM NaCl per kgm. 
H 2 O, at forty minutes after insertion of the salt solutions indicated. The solutions were all 
originally approximately isotonic. In the case of the salt mixtures the two salts were pres- 
ent in equiosmotic proportions at the start. 


The classical observations of Heidenhain (10) bear upon this problem. He 
reported that when significantly hypertonic sodium chloride solutions were 
placed in the ileum they tended to approach isotonicity, but that there was 
considerable water absorbed while the solutions were still hypertonic to the 
blood, as determined by the freezing point depression. The studies reported 
here confirm the conclusion of Heidenhain that forces other than those of nor- 
mal osmosis detemine the rate of water transport. 
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It should be noted that in every case in. figure 1 in which water absorption 
occurred (negative volume change) to the extent of 20 per cent or more of the 
original volume in 40 minutes, the gut solution was the equiosmotic mixture of 
sodium chloride and sodium sulfate. When these solutions are absorbed the 
sodium chloride moves into the blood against a large concentration gradient. 
Very little or no sulfate ion is absorbed. Consequently the process causing 
hypotonicity is associated with the movement of uni-univalent salt against its 
concentration gradient, which requires the performance of work and is therefore 
an active process. 


SUMMARY 

Results of studies on osmotic and electrolyte concentration relationships 
during absorption of isotonic sodium sulfate and sodium chloride solutions from 
ileal segments in nembutal anesthetized dogs are reported. The influence of 
additions of 0.001 to 0.003 M HgCla or NaAsOa was also studied. The osmotic 
activity was studied by the thermoelectric vapor tension technique. Special 
attention was paid to the carbon dioxide tension in the osmotic activity measure- 
ments. 

When originally approximately isotonic solutions of sodium chloride and 
sodium sulfate in equiosmotic proportions are placed in ileal segments they 
invariably become hypotonic to the blood plasma. The average hypotonicity 
was found to be equivalent to 6.9 mM. NaCl/kgm. H 2 O. 

When 0.001 M HgCh was added to such solutions the tendency to hypo- 
tonicity was virtually abolished. In the presence of this poison the impoverish- 
ment of chloride otherwise found was also abolished. 

When originally isotonic sodium sulfate solutions were introduced into ileal 
segments such solutions were on the average 2.3 mM./kgm. H 2 O hypotonic 
after forty minutes, a figure significantly less than that found when sodium 
chloride was present. The difference is believed to be related to the greater 
mobility of chloride than sulfate across the ileal epithelium. 

The net increase in chloride concentration in sodium sulfate solutions was 
very small, on the average 4 mE./l. in forty minutes. Consideration of isotopic 
tracer data lead one to believe that this represents a small fraction of the chlo- 
ride that entered in that time. The remainder must have returned to the blood 
by some active transport mechanism. 

The addition of 0.001 to 0.002 M HgCl 2 or NaAsOj to isotonic sodium sulfate 
solutions in ileal segments caused those solutions to become s^nificantly hyper- 
tonic, the mean value for osmotic activity being 3.4 mM./kgm. H 2 O above the 
plasma. This was associated with a great influx of chloride, the average rate of 
increase in chloride concentration being eleven times that found in the un- 
poisoned solutions. 

A study of the relation of net water movement and osmotic activity in the 
above mentioned experiments shows that in every case in solutions from which 
there was a significant water absorption there was definite hypotonicity of the 
gut solution as compared with the plasma at forty minutes after insertion of the 
fluid in the gut segment. It is concluded that when water is absorbed from 
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approximately isotonic solutions of sodium chloride and/or sodium sulfate, 
the intestinal mechanism is such that invariably thfe solutions become h3rpo- 
tonic within a short time. However there is not a significant positive correla- 
tion between the magnitude of the osmotic gradient between gut and blood and 
the rate of water absorption. It is believed that although a developing hypo- 
tonicity is a regular concomitant of water absorption from such solutions the 
osmotic gradient is not the driving force for water transfer. 

When the net water transfer was zero, or in the direction of gut volume in- 
crease, the gut fluid osmotic activity was found to be sometimes lower and 
sometimes higher than that of the plasma. Entrance of water into the intestine 
occurred frequently when the fluid in it was h3q)otonic to the plasma, a result 
that could not occur from the action of nonnal osmotic forces. This observation 
constitutes further evidence that forces other than those of normal osmosis 
bring about water transport across the intestinal epithelium. 
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The motor unit is usually considered as a functionally and anatomically 
independent structure, little or not at all affected by changes in the surrounding 
units. Thus it is tacitly assumed that if part of the innervation of a muscle is 
permanently destroyed, the remaining motor units representing the active part 
of the paretic muscle continue their normal function. No changes would occur 
in these active units, except perhaps some hypertrophy of their muscle fibers. 
However, observations of Mandelstamm (1882) and Exner (1884, 1885) cast some 
doubt on this simple concept. Exner found that the m. cricothyriodeus of the 
rabbit is innervated by the nn. laryngeus superior and medius. Severing of either 
of these nerves did not produce degeneration in the muscle, the transection of both 
gave the expected degeneration. Exner considered the possibility that muscle 
fibers which have lost their innervation by severing one of the nerves can obtain 
a new motor innervation from the other nerve before they have had time to 
degenerate. This hypothesis was supported by Lederer and Lemberger (1907) 
who concluded, on the basis of stimulation experiments, that Exner's results 
could not be explained by double innervation of each muscle fiber by both the 
nn. laryngeus superior and medius. 

When we state Exner’s supposition in the terms of the motor unit concept 
we would have to assume that after the removal of part of the innervation of a 
muscle, the remaining motor units grow by adopting muscle fibers which 
originally belonged to the denervated motor units. This possibility has been 
examined in the present investigation by a study of the force of contraction of 
muscles at various intervals after partial denervation. 

Methods. The muscles used were the mm. sartorius and quadriceps of the 
rabbit. The tendons of these muscles were dissected separately, leaving the 
muscle bellies covered as much as possible. Strings were tied to the tendons and 
the contractions were recorded isometrically under an initial tension of 50 grams 
in all instances. 

^This investigation was supported by the Hixon Fund, California Institute of 
Technology. 
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For stimulation an induction coil or a thyratron stimulator was used. Mam- 
malian muscle can show a marked facilitation (Brown and Euler, 1938), so that 
the force of the contraction produced by single shocks depends to a considerable 
extent on the previous history of stimulation. This source of error can be 
eliminated by the use of short faradic stimuli for the determination of the force 
of contraction, and this method was used in all experiments reported here. Care 
was taken to stimulate vdth supramaximal stimuli. When using the induc- 
torium, coil distances were chosen which caused a supramaximal break-, but no 
make shock. With comparable frequencies the force of contraction was the 
same using either of the two methods of stimulation in the same preparation. 

Action potentials were recorded with a Mathews oscillograph, driven by a 
push-pull amplifier, and using silverchloride plated silver electrodes. 

After the experiment the muscles examined were fixed in Zenker’s solution, 
embedded, sectioned and stained with hematoxylin-eosine. In certain instances 
the surface of the cross section of muscle fibers was determined by drawing their 
outline with the help of a drawing prism on paper. - About 100 of these outlines 
were cut out, weighed and compared with the weight of the outline of a known 
surface determined with the help of an object micrometer drawn at the same 
magnification. The weights of equal surfaces of different sheets of paper never 
varied more than a few per cent. 

The innervation o/ the mm. sartoriua and quadricepe. The m. sartorius of the 
rabbit is a thin and slender muscle situated superficially on the anterior and 
medial side of the thigh. The motor fibers for the sartorius muscle leave the 
femoral nerve with the n. saphenous, which gives off one or two thin motor nerves 
for this muscle. 

The femoral nerve of the rabbit is formed for the greatest part by the 6th lum- 
bar spinal nerve. Regularly a branch from the 5th lumbar spinal nerve joins 
the thick bundle from L 6 to form the n. femoralis. The femoral nerve gives 
off a thick branch connecting the 6th and 7th lumbar nerves which is also joined 
by a thin contribution of L 5. Usually there is present a thin connection between 
the 4th and 5th lumbar spinal nerves. The insert in figure 1 is a sketch of this 
part of the lumbar plexus. It should be understood that variations occur fre- 
quently and that especially the size of the connection between L 5 and L 0 varies 
considerably, 

In 16 rabbits the contribution of the segments L 4, L 5 and L 6 to the motor 
innervation of the m. sartorius has been investigated by stimulating the re- 
spective spinal nerves or their relevant branches and by recording the force 
developed by the muscle. In these experiments the other muscles of the thigh 
had been denervated by severing the femoral nerve but for the n, saphenous, and 
by cutting the obturator and sciatic nerves. After recording the effects of 
stimulation of the spinal nerves, the femoral nerve was stimulated in the al^- 
dominal cavity to determine the total force developed by the m. sartorius. The 
rabbits used weighed 2.6 to 3 kgm. The results are collected in table 1. In 
several instances it was not possible to obtain reliable results from the stnnulation 
of L 6 because of the shortness of this structure. It is obvious that there are 
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great variations in the participation of L 6 and L 6 in the innervation of the m. 
sartorius. In most animals the contribution of L 6 is small, much smaller than 
that of L 6, but in a few rabbits L 5 contributed most of the motor fibers for that 
muscle. In one animal (16) the stimulation of L 5 caused no contraction at 
all in the m. sartorius. There is a relation between the magnitude of the con- 
tribution of L 5 to the innervation of the muscle and the size of the connection 
between L 5 and L 6. The 4th lumbar segment as a rule does not participate in 
the innervation of the sartorius. In one animal (11), however, L 4 supplied 


TABLE 1 

Force in grams developed in the sartorius muscle by Ihefaradic stimulation ofLi,LS,L6 and 

the femoral nerve 


NO. 

L4 

LS 

L6 

FEMORAL NERVE 

1 

0 

68 

77 

136 

2 

0 

29 

105 

127 

3 

0 

11 

— 

181 

4 

0 

81 

55 

128 

5 

0 

17 

— 

102 

6 

0 

57 

123 

162 

7 

0 

21 

160 

176 

8 

0 

52 

69 

107 

9 

0 

32 

— 

122 

10 

0 

69 

74 

148 

11 

8 

179 

35 

194 

12 

0 

10 

98 

95 

13 

0 

36 


164 

14 

0 

13 

— 

211 

15 

0 

41 

154 

191 

16 

0 

0 

— 

1 no 

Means 

— 

45 

— 

147 

Standard errors 

— 

11 

— 

9 


some motor fibers for this muscle. In this rabbit most of the motor fibers for 
the m. sartorius came from L 6. 

It was found in some experiments in which the 7th lumbar spinal nerve, after 
being exposed from the dorsal side, was stimulated, that this segment does not 
supply any motor fibers for the m. sartorius. 

The mean force produced by stimulation of the femoral nerve was 147 grams 
with a standard error of 9 grams. The mean force produced by stimulation 
of the fibers from L 5 is 45 grams witbthe relatively much greater standard error 
of 11 grams. This greater variability is explained by the fact that this figure 
includes the segmental variation in contrast to the mean for the entire m. sar- 
torius. 

The sum of the forces produced by the stimulation of L 5 and L 6 is with a few 
exceptions slightly larger than the force produced by the stimulation of the 
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femoral nerve. This might be considered as an indication of bisegmental inner- 
vation of a small part of the muscle fibers. However, since the stimulation of 
the femoral nerve concluded the expermrent, it seems more likely that this is due 
to fatigue of the muscle and deterioration in the state of the animal. It seems 
certain that bisegmental innervation if present at all is insignificant in the m. 
sartorius. 


TABLE 2 


Comparison of the forces (in grams) developed by the right and left sartorius and quadriceps 
muscles during stimulation of L 6 in normal rabbits 


NO . 

M . SARTORIUS 

M . QUADRICEPS 

Left 

Right 

Q. 

Left 

Right 

0 - 

17 

64 

34 

+ 0.9 

20 

16 

+ 0.3 

18 

7 

22 

- 2.1 

— 



19 

83 

67 

+ 0.2 

43 

48 1 

- 0.1 

20 

21 

30 

- 0.4 

13 

15 

- 0.2 

21 

50 

31 

+ 0.6 

48 

25 

+ 0.9 

22 

63 

35 

+ 0.8 

58 

26 

- 1 - 1.2 

23 

130 

124 

0.0 i 

136 

143 

- 0.1 

24 

13 

11 

+ 0.2 

8 i 

5 

+ 0,6 

25 

7 

14 

- 1.0 

10 

16 

- 0,6 

26 

35 

57 

- 0.6 

32 

21 

+ 0.5 

27 

94 

81 i 

+ 0.2 

142 1 

55 

- 1 - 1.6 

28 

58 

75 

- 0.3 

10 

36 

- 0.9 

29 

55 

18 

4 - 2.1 

8 

10 

- 0,3 

30 

70 

20 

+ 2,5 

18 

8 

- 1 - 1.3 

31 

22 

25 

- 0.1 

11 

7 

+ 0.6 

32 

40 

21 

+ 0.9 

5 

8 

- 0.6 

33 

36 

32 

+ 0.1 

— 

6 

— 

34 

52 

63 

- 0.2 

73 

1)7 

- 0.3 

35 

42 

63 

- 0.5 

92 

45 

+ 1.0 

36 

108 

103 

0.0 

75 

154 

- 1.1 

37 

30 

72 

- 1.4 

42 

80 

- 0.9 

38 

8 

10 

- 0.3 

— 

— 

— 

39 

131 

141 

- 0,1 

33 

73 * 

- 1.2 

40 

25 

19 

+ 0.3 

13 

— 


41 

14 

36 

- 1.6 

— 

9 


42 

41 

20 

+ 1.1 

— 

— 

— 

43 

44 

50 

- 0.1 

— 

16 

— 

Means 

51 

47 

+0.05 

43 

i 39 

'4-0.09 


Standard errors.. , 

7 

7 

0.19 

9 

9 

0.19 


0 


Since in the following pages the forces developed in the right and left m. sar- 
torius during stimulation of the connection between L 5 and L 6 will be com- 
pared under experimental conditions, it is necessary to be informed about the 
normal variations between the right and left side. This comparison has been 
carried out in a group of 27 normal rabbits; the results are collected in table 2. 




EB-INNEEVATION OF DBNEEVATED MUSCLB FIBEES 


481 


Though the forces developed in the individual experiments vary greatly due to 
the segmental variation, the means of the left and right side do not differ sig- 
nificantly from each other or from this value found in the group of rabbits of 
table 1. 

In order to exclude the influence of the great segmental variations, a way was 
sought to compare the two sides, which, is independent of the absolute forces 
developed. For this purpose has been used the quotient (Q) of the difference 
between the forces developed in the left and right sartorius on stimulation of L 5 
and the force of either the right or left sartorius, whichever is the smallest, thus 

F(left) — F(right) 

F (tbe smaller of left or right) 

This quotient is positive when the force on the left side is the greater, negative 
when the force on that side is the smaller of the two. The mean of the Q’s 
for the sartorius muscles reported in table 2 is -1- 0.05, its standard error is 
0.19. 

The m. quadriceps is a large and complicated muscle, like the m. sartorius, 
innervated by fibers from the 5th and 6th lumbar segment which reach the muscle 
through the femoral nerve. In table 2 the results are collected of a number of 
experiments in which the force developed in the muscle was recorded during 
the stimulation of the connection between L 5 and L 6. These forces vary 
greatly in the individual experiments; in several instances L 5 did not seem to 
participate in the innervation of the m. quadriceps even if in these animals the 
stimulation of L 5 caused a contraction in the m. sartorius. The mean force 
was about 40 grams, and it can be concluded that the 5th lumbar segment in- 
nervates only a small fraction of the large and powerful quadriceps muscle. 
The means of the force developed on the right and left side during the stimulation 
of the fibers from L 5 are not significantly different, the mean of the Q’s is -f 0.09 
with a standard error of 0.19. 

It thus can be concluded that there is neither in the m. sartorius nor in the m. 
quadriceps a systematic difference between the right and left side, in the force 
developed by the stimulation of the motor fibers from L 5. 

The force of contraction in the m. sartorius and m. quadriceps two months after 
partial denervation. As was shown the 6th lumbar spinal nerve supplies the 
majority of the motor fibers fpr the m. quadriceps and in most animals also for 
the m. sartorius. The removal of L 6 thus will produce a severe paresis in these 
muscles. In order to prevent regeneration, the 6th lumbar nerve was pulled 
out of the spinal cord, which can be done by a ventral approach as follows. 
After opening the abdomen the femoral nerve is exposed and traced cranially 
till the place where it is formed by the bimdles from L 5 and L 6. The con- 
tribution from L 6 is clamped in a fine hemostat and the nerve is slowly and 
carefully pulled out to avoid damage to the connection between L 5 and L 6. 
In the nervous structure thus obtained the anterior and posterior root as well as 
the spinal ganglion can be distinguished. That the roots are removed com- 
pletely is shown when the spinal canal is opened. 
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TABLE 3 

ConiptXTison of the forces (in grams) developed in the right and left sartorius and quadriceps 
muscles during stimulation of L 5 two months after the removal of L 6 on one side 


In some of the animals the surface of the fiber cross section (in 1/1000 mm.*) of the 
left and right sartorius muscle has been compared 


NO. 

OPERATED 

SIDE 

M. SARTORIUS 

M, 

, QUADRICEPS 

Force 

Fiber surface 

Force 

Operated 

Control 

Q. 

Operated 

Control 

Q. 

Operated 

Control 

Q. 

44 

R 

98 

23 

+3.3 





15 

-- 

45 

R 

245 

48 

+4.1 




318 

41 

+6,8 

46 

L 

115 

17 

+5.8 

1.26 

1.19 

+0.1 

— 

— 

— 

47 

L 

48 

17 

+1.8 




8 

8 

0.0 

48 

L 

180 

61 

+2.0 




— 

34 

— 

49 

L 

277 

116 

+ 1.4 

0.87 

0.55 

+0.6 

198 

96 

+1.1 

50 

L 

130 

67 

+0.9 

1.81 

1.39 

+0.3 

— 

— 

— 

51 

R 

16 

23 

•-0.4 




14 

42 

-2.0 

52 » 

R 

166 

77 

+1.2 

2.42 

1.34 

+0.8 

39 

158 

-3.1 

53 

L 

125 

24 

+4.2 




— 

— 

— 

54 

L 

176 

54 

+2,3 

1.62 

j 1.10 

+0.5 

1 — 

— 

■— 

55 

R 

217 

38 

+4.7 

1.63 

1.44 

+0.1 

116 

35 

+2.3 

56 

L 

145 

43 

+2.4 



1 

107 

17 

+5,3 

57 

L 

160 

43 

+2.7 

1.79 

1.39 

+0.3 

38 

16 

+1.4 

58 

R 

207 

67 

+2.1 

1.16 

0.74 

+0.6 

330 

204 

+0.6 

59 

L 

106 

54 

+1.0 




39 

17 

+1.3 

60 

R 

82 

19 

+3.3 




20 

7 

+1.9 

61 

R 

157 

24 

+5.5 




52 

6 

+7.7 

62 

L 

124 

43 

+1,9 

1.16 

1.05 

+0.1 

132 

10 

+12.2 

63 

L 

233 

68 

+2.4 




69 

28 

+1.5 

64 

L 

91 

30 

+2.0 

1.31 

0.72 

+0.8 

9 

36 

-3.0 

65 

E 

208 

18 

+10.6 

1.64 

0.96 

+0.7 

53 

21 

+1.5 

66 

R 

60 

33 

+0.8 

3.06 

1.27 

+1.4 


12 


67 

L 

50 

13 

+2.8 

1.80 

0.80 

+1.4 

8 

9 

-0.1 

68 

R 

98 

20 

+3.9 

0.80 

1.32 

-0.6 

14 

29 

-1.1 

69 

R 

131 

33 

+3.0 




41 1 

10 i 

+3.1 

70 

L 

106 

21 

+8.3 




21 

8 

+1.6 

71 

L 

142 

24 

+4.9 

1.40 

0.65 

+1.1 



— 

72 

R 

233 

52 

+3.5 




256 

50 

+4.1 

73 

Jj 

96 

9 

+10.7 





— 

— 

74 

L 

217 

102 

+1.1 

1.07 

0.99, 

+0.1 

123 

39 

+2.2 

75 

R 

153 

16 

+8.6 

2.43 

0.99 

+1.5 


5 

— 

76 

R 

70 

28 

+1.5 




137 

102 

+0.3 

77 

R 

95 

46 

+M 

1.77 

0.70 

+1.5 

133 

54 

+1.5 

Means 

143 

40 

+3.4 

1.62 

1.03 

+0.6 

95 

40 

+2.0 

Standard errors. 

11 

4 

0.5 

0.14 

0.07 

0.1 

20 

9 

0.5 


In a number of animals the 6th and usually also the 7th spinal nerve was 
removed in this w;ay on either the right or left side, leaving only L 6 intact as 
the sole motor innervation of sartorius and quadriceps muscles. Two months 


EB-INNERVATION OF DBNEEVATED MUSCLE FIBERS 


483 


later the tendons of these muscles were exposed and prepared for recording. 
The connection between L 5 and L 6 was exposed on both sides and stimulated. 
The forces thus recorded in 34 experiments are collected in table 3. At the time 
of the final experiment the age and weight of the animals were comparable with 
those of the control rabbits of tables 1 and 2. In all but one experiment the 
force developed by the m. sartorius on the operated side was lai^er than that on 
the normal control side. The mean of the forces developed in the m. sartorius 
on the non-operated side was 40 grams, whereas on the operated side the much 
larger mean force of 143 grams was found. 

In order to express the relation between the forces of the mm. sartorius on both 
sides independently of the segmental variation, the quotient (Q) was computed 
of the difference in force of the operated and control side and the smaller of the 
two, which in all but one of these experiments was the force on the normal side, 
thus 


F{opOTated) F(control) 
F (smaller ot the two) 


A positive Q thus signifies a gain in force on the operated side. The mean of these 
Q’s is + 3.4, with a standard error of 0.5, a statistically highly significant increase. 
The forces produced on the operated side thus were on the average 4.4 times as 
large as those produced by the stimulation of the same nerve on the normal side. 
This large increase is the more remarkable since the experimental errors would 
act in the opposite direction. Damage to the connection between L 5 and L 6 
either during the initial operation or during the dissection in the final experiment, 
which is not always easy because of the development of sear tissue, tends to 
decrease the muscle force developed on the operated side. Also the use of stimuli 
of too great intensity can increase the force developed on the normal side by the 
sti m ulation of elements of L 6, which have lotig degenerated on the operated 
side. 

A similar though smaller increase of the force developed on the operated side 
was found in the m. quadriceps. The mean of the force developed on the control 
side was 40 grams, which is not different from the value foimd in the control 
series. On the operated side the mean force was 95 grams with the large stand- 
ard error of 20 grams. Though in most experiments the force developed in the 
m. quadriceps on the operated side was the largest, in 5 out of 24 experiments 
the force on the control side was greater. The mean of the Q’s was 2.0 with a 
standard error of 0.5. Though this increase is smaller than that found for the 
m. sartorius, it still is highly significant. 

Th£ course of the increase in force of paretic muscles. It was found that 2 months 
after the removal of L 6 the force developed in the m. sartorius by stimulaticm 
of the fibers from L 5 was 4.4 times as large as on the control side. The question 
can be asked, at what time does this increase start and does it still continue 
after the first two months. To investigate this a number of animals were pre- 
pared as described before and the forces developed in the sartorius and quadri- 
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ceps muscles by stimulation of the fibers from L 6 were recorded after 2 weeks, 
1 month and 6 months. 

After two weeks (table 4) the mean of the forces of the mm. sartorius and 
quadriceps on the operated side were slightly greater than on the control side. 
Also the mean of the Q’s showed a slight gain on the operated side. However, 
these increases are statistically not significant. 

After one month (table 5) the mean force developed in the m. sartorius on the 
operated side is 109 grams, on the control side 45 grams. Q is + 2.6 with a 

TABLE 4 


Comparison of the forces (in grams) develop^ in the right atid left sartorius and quadriceps 
muscles during stimulation of L S two weeks after the removal of L 6 on one side 


NO. 

OPERATED SIDE 

M, SARTORIUS 

M. QUADRICEPS 

Operated 

Control 

Q. 

Operated 

Control 

Q. 

78 

R 

119 

65 

+0.8 

125 

48 

+1.6 

79 

L 

24 

59 

-1.5 

33 

29 

+0.1 

80 

L 

31 

22 

+0.4 

5 

7 

-0.4 

81 

R 

55 

16 

+2.4 

41 

9 

+3.6 

82 

L 

91 

28 

+2.3 

85 

21 

+3.0 

83 

R 

73 

21 

+2.5 

66 

12 

+4,5 

84 

L 

143 

170 

-0.2 

250 

113 

+1.2 

85 

R 

8 

15 

-0.0 

23 

46 

-1.0 

86 

L 

58 

74 

-0.3 

48 

126 

-1.6 

87 

L 

7 

7 

0.0 


— 


88 

L 

103 

83 

+0.2 

33 

47 

-0.4 

89 

L 

6 

17 

-1.8 

5 

18 

-2.6 

90 

j R 

05 

43 

+1.2 

74 

19 

+2.9 

91 

R 

76 

57 

+0.3 

85 

62 

+0.4 

Means 

64 1 

48 j 

+0.4 

67 j 

43 1 

+0.9 

Standard errors 

12 

11 

0.4 

18 

11 

0.6 


standard error of 0.7 and thus at that time there exists a highly significant in- 
crease in force of this muscle on the operated side. In this series the m. quadri- 
ceps on the operated side had hardly increased at that time. 

After two months, as has been shown (table 3), the increase in the ra. sartorhis 
is considerably larger than after one month, the Q being -f 3.4. Also at this 
time a significant increase in the force of the ra. quadriceps on the operated side 
was found (Q was -f-2.0). 

After 6 months (table 6) a further increase in force was found. The mean 
of the force developed by the sartorius on the operated side was 192 grams, 
on the control side this was 49 grams. Q was -f- 5.2 with a standard error of 1 .2. 
Also the mean force developed in the m. quadriceps on the operated side (145 
grams) as well as Q (-1-3.3) were larger than after two months. 

The mean of the forces developed in the control muscles of the various groups 



Comparison of the forces (in grams) developed in the right and left sartorim and quadriceps 
muscles during stimulation of L $ one month after the removal of L 6 on one side 


In some of the animals the surface of the fiber cross section (in 1/1000 mm.®) of the left and 
right sartorius muscle has been compared 


NO. 

OPERATED 

SIDE 

jr. SARTORIirS 

BC, QUADKICEPS 

Force 

Fiber surface 

Force 

Operated 

Control 

Q. 

Operated 

Control 

Q. 

Operated 

Control 

Q. 

92 

R 

178 

28 

+5.4 


0.88 


35 



— 


L 

186 

155 

+0.2 




120 

64 


94 

L 

55 

39 

+0.4 




9 

27 


95 

L 


48 

+1.2 




62 

39 


96 

L 

183 



1.38 

1.35 


19 

88 

-3.6 

97 

L 

133 

12 

+10.1 


rnmi 

+0.3 

7 

7 

0.0 

98 

R 

143 

29 

+4.0 

1.23 


+1.4 


44 

-1.2 

99 

R 

50 

7 

+6.1 




35 

19 



L 

39 

45 





8 

37 

-3.6 

101 

L 

133 

55 

+1 .4 


1.28 

+0.3 

81 

20 

+3.1 

102 

R 

77 

17 

+3.5 

1.26 

0.87 


15 

8 


103 

L 

43 

17 

+ 1.5 




7 

11 

-0.6 

104 

R 

25 

7 

+2.6 




7 

5 


105 

R 

133 

44 

+2.0 




111 

29 

+2.8 

106 

R 

155 

80 

+0.9 

Bi 

0.50 

+1.2 

138 

41 

+2.4 

107 

L 

103 

35 

+1.9 

1.54 


+0.4 

13 

17 


Meaiis 


45 

+2.6 

1.21 

0.86 

+0.5 

43 

30 

+0.04 

Standard errors. 

14 

10 

0.7 

0.09 

0.11 

0.2 

11 

6 

0.5 


TABLE 6 

Comparison of the forces (in grams) developed in the right and left sartorius and quadriceps 
muscles during stimulation of L 5 six months after the removal of L 6 on one side 


In some of the animals the surface of the fiber cross section (in 1/1000 mm.®) of the left and 
right sartorius muscle has been compared 




i M. SARTORIUS 

Bf. QUADRICEPS 

NO. 

OPERATED 

SIDE 

Force 

Fiber surface 

Force 



Operated 

Control 

Q. 

Operated 

Control 

Q. 

Operated 

Control 

Q. 


R 

86 

22 

+2.9 




14 

7 

+1.0 

109 

L 

113 

55 

+1.1 




21 

61 

-1.9 

no 

L 

213 

37 

+4.8 

2.87 

0.79 

+2.6 

311 

20 

+14.1 

111 

L 

352 

136 

+1.6 




216 

67 

+2,2 

112 

R 

123 

47 

+1.6 

2.22 

0.67 

+2.3 


11 

— 

113 

L 

235 

23 

+9.2 

1.30 

1.23 

+0.1 

193 

66 

+1.9 

114 

L 


41 

+4.9 




95 

14 

+5.8 

115 

R 

227 

24 

+8,5 

3.48 

1.11 

+2.2 

109 

35 

+2.1 

116 

R 

203 

18 

+10.3 




125 

— 

— 

117 

L 

68 

15 

+3.5 




t 

11 

— 

118 

R 

213 

14 

+14,2 

3.23 

1.26 

+1.6 



7 

— 

119 ! 

L i 

212 

167 

+0.3 




218 

115 

+0,9 

120 

R 

214 ' 

37 

+4.8 

2.32 

2,00 

+0.2 

1 — 

32 

— 

Means 

192 

49 

+5.2 

' 1 

2.57 

1.18 

+1.5 

145 

37 

+3.3 

Standard errors. 

21 

13 

1.2 

0.32 

0.19 

0.5 

33 

10 

. 1.7 
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remains approximately the same, but as time proceeds, the force of the muscles 
on the operated side increases very considerably. The force developed in the m. 
sartorius after 6 months is even larger than developed in the control sartorius 
muscle by stimulation of the n. femoralis (table 1). Figure 1 , in which the 
changes in force in the m. sartorius are plotted against time, shows that the in- 
crease occurs most rapidlyduring the first months and that after 6months no rapid 
changes are to be expected. 


GR. 



Fig. 1. The mean force developed in the sartorius muscles on the operated (dots) and 
control (circles) side, 2 weeks, 1 month, 2 months and 6 months after unilateral partial 
denervation, has been plotted against time. 

The insert shows the formation of the rabbit’s femoral nerve from contributions of L6 
and L6. A, connection between the 4th and 6th lumbar spinal nerve. B, muscle branch. 
C, n. cufaneous femoris lateralis. D, muscle branch. E, contribution for the femoral 
nerve from L5. S', a second connection between L6 and L6, which joins (?, the connection 
between 1,6 and L7. F, femoral nerve. 

Action potentials of partially denervated muscles. In 16 animals in which the 
6th and 7th spinal nerve had been removed 2 months before, the action potentials 
of the m. sartorius during stimulation of L 5 were recorded on the operated and 
on the control side. The amplification used was equal on both sides and invari- 
ably the action potentials on the operated side were found to be larger than those 
on the control side. In experiment 55 (table 3) for instance the sartorius muscle 
produced an action potential of 1.7 mV. on the control side and of 10.9 mV. on 
the operated side. In rabbit 58 these values were 5.0 mV. and 12.5 mV. respec- 
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tively, etc. The mean Q for this group of 16 experiments was +4,4 with a stand- 
ard error of 1.0. 

Morphological findings in the sartorius and quadriceps muscles. It was noticed 
that in animals, in which the 6th and 7th spinal nerve had been removed 6 months 
before, the m. sartorius on the operated side appeared considerably broader and 
thicker than on the control side. This was also true, though to a lesser extent, 
in many of the rabbits which were kept for only two months. 

The histological investigation of the m. sartorius, partially denervated by the 
removal of the 6th spinal nerve 2 months before, revealed in the majority of the 
experiments remarkably little change, an observation reminiscent of Exner^s 
experience with the m, cricothyroideus. The cross section looked perfectly nor- 
mal on superficial examination in all cases in which the sartorius muscle on the 
operated side developed a force of more than about 100 grams, irrespective of the 
size of the original innervation of the muscle by L 5. For instance, figure 2 B 
shows a cross section of a sartorius muscle (expt. 65) which developed 2 months 
after the removal of L 6 a force of 208 grams, whereas on the control side the stim- 
ulation of the connection between L 5 and L 6 developed a force of only 18 grams, 
indicating that in this animal L 5 innervated originally only a small part of the 
sartorius muscle. Nevertheless the histological appearance of the muscle was 
quite similar to that of a normal muscle (fig. 2 A) and throughout the entire 
preparation there was no obvious evidence of degeneration. In many of these 
muscles even the close scrutiny of the preparation with high magnification fails to 
show more than an occasional degenerated muscle fiber. In some instances, 
however, one or more bundles of degenerated fibers can be found, as is shown in 
figure 2D. In this experiment (75) the force on the operated side was 153 grams, 
on the normal side only 16 grams. All experiments in which the force developed 
on the control side was larger than 30 to 40 grams, indicating a larger original 
participation of L 5 in tlie innervation of the m. sartorius, yielded preparations 
in which degeneration was practically absent. A difference between the operated 
and the control side sometimes noted was a certain irregularity of the muscle 
pattern, caused especially l)y a greater variability in the size of the muscle fibers 
on the denervated side. 

In the preparations of muscles on the operated side which developed forces of 
less than 100 grams, more extensive bundles of degenerated fibers were present. 
In the few experiments in which the forces developed on the operated side were 50 
grams of less, whole areas of degenerated fibers were found with bundles of func- 
tional fibers in between. 

Obvious degeneration was also lacking in the majority of the preparations of 
sartorius muscles from animals in which the 6th lumbar spinal nerve was removed 
6 months before. However, examination with high magnification revealed in 
these preparations also the presence of occasional degenerated fibers. The varia- 
bility of the fiber diameter is in many of these preparations more pronounced than 
in the 2 months group (fig. 2 C). Several of the preparations showed a definite 
increase of the connective tissue in the muscle. The average diameter of the 
muscle fibers was in most of these experiments considerably larger on the oper- 
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ated than on the control side, which explains the increase in width and thickness 
of the whole m. sartorius mentioned before (compare fig. 2 A and 2 ( ■). 

The experiments in which the 6th spinal lumbar nerve was removed 1 month 
before, yielded preparations in which again no obvious degonei’ation w'as notice- 
able when the force developed by the m. sartorius was relatively largt\ whereas 
in the preparations of the sartorius muscles which developed less than about 1(){) 
grams frank degeneration w^as present. 

Denervation of a muscle for tw^o w'eeks docs not produce marked degeneration, 
the fibers at that time are somewhat thinner, and darker stained than the normal 
ones. In the sartorius muscles which w^ere obtained two wa'eks after thc^ remo\^al 



Fig. 2. A, cross section of normal sartorius muscle (Magn. 53 X). cross section of 
sartorius muscle, partially denervated 2 months before (expt. 65}. The force developed 
on the operated side on stimulation of L5 was 208 grams, on the control side 18 grams. 
There is no obvious degeneration (Magn. 53 X) . C, cross section of sartorius muscle partially 
denervated 6 months before (expt. 115). The force developed on stimulation of L5 was 227 
grams on the operated, 24 grams on the control side. Note the large surface^ of the fiber 
cross section, as compared with that of the control muscle A (ivlagn. 63 X ) . />, (‘ross sect, ion 
of sartorius muscle partially denervated 2 months before (exj)t. 75), Stimulation of L5 
developed a force of 153 grams on the operated, 10 grams on the control side. Tli(‘ pict ure 
shows one of the three bundles of degenerated fibers, X, found on tlu^ cross W(*etiou (Magn. 
131 X). 


ol L 6 usually many small and darkly stained fibers were found, (‘V(*n in musedes 
which developed considerable force. 

In suitable preparations the average surface of the fiber cross section was deter- 
mined in the m. sartorius on the operated and on the control side, l^'hough there 
are considerable individual differences, the mean of the fiber (jross setdion surface 
on the normal side show^s a slight increase when the one, two and six months 
experiments are compared. This is probably due to age differences of these 
groups of animals, since the removal ot the 6th spinal lumbar nerve w^as always 
performed in rabbits of 1.5 to 2 kgm. w^eight. 

With only one exception the fiber cross section surface on the operated side w’as 
larger than on the control side, in each of the one, two and six months experiments 
examined. In the same way as for the force developed, the Q of the fiber surface 
was computed. This value gives information on the relation ot tlie surfaces on 
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the experimental and control sides, independent of the absolute values. A com- 
parison of the mean Q of the one, two and six months experiments shows that this 
quotient increases as the interval between the removal of L 6 and the final experi- 
ment increases. In the one month group Q was 0.5 with a standard error of 0.2, 
in the two months group these figures were 0.6 and 0.1, and in the 6 months group 
1.5 and 0.5. This indicates that though the fiber cross section surface increases 
on the control side with the interval between the removal of L 6 and the final 
experiment, the surface on the operated side increases considerably more. 

The small forces developed in the quadriceps muscle 2 and 6 months after the 
removal of the 6th lumbar spinal nerve indicate that this large and strong muscle 
has not become completely re-innervated. Indeed in all preparations of that 
muscle large areas of degenerated fibers are present. The m. sartorius is a very 
suitable muscle for histological examination after denervation, since as was shown 
by Adrian (1925) for the m. tSnuissimus and by Cooper (1929) for the m, sarto- 
rius, the motor unit is spread over the entire length of such a long and thin 
muscle, a cross section thus will always hit part of all motor units. This is not the 
case with the pennated m. quadriceps in which a cross section at an arbitrary level 
will reveal only part of the motor units. It is for this reason that in many of the 
preparations of the quadriceps which, as indicated by the effects of stimulation of 
the femoral nerve, contained active units, none was found on the cross section. 
In the preparations which showed functional muscle tissue the same variation in 
the size of the muscle fibers was noted as previously described in the m. sartorius. 

Discussion. Two mechanisms can be considered to explain the increase in 
the force of the paretic m. sartorius j an increase in the diameter of the muscle 
ffljers, and an increase in the size of the motor units by a more luxuriant terminal 
branching of the remaining motor nerve fibers and adoption of muscle fibers 
which originally were innervated by L 6. The a priori, very dight possibility 
that new motor nerve fibers would grow out from the spinal cord complementing 
the innervation of the m. sartorius, is excluded by the speed with which the re- 
innervation takes place, the process starting after two weeks andbeingwell under 
way after one month. 

The first mechanism cannot explain the sometimes very large increases ob- 
served. For instance in the 2 months experiments it was found that the mean Q 
for the surface of the fiber’s cross section was 0.6 whereas the mean Q for the 
muscle force was 3.4. This means that whereas the mean fiber surface of the 
operated side was 1.6 times as laige as on the normal side the force developed on 
the operated side was 4.4 times as great as on the normal side. Thus, even as- 
suming that the force developed per fiber is directly proportional to the surface 


4.4 . 

of its cross section* there is still — 2.7 times not accounted for, and this in- 

1.0 


crease must be caused by the second factor, the increase in size of the motor unit. 


2 The influence of the increase in fiber cross section surface is probably much smaller 
than here assumed, since experimental evidence has been collected which shows that the 
increase of the force in a muscle thus hypertrophied falls far short of its increase in fiber 
cross section surface. 
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The importance of the growth of the motor unit is stroi^ly supported by the re- 
sult of the histological investigation of the sartorius muscle. 

It must be concluded that of the two changes which occur in the paretic muscle 
tending to repair its function, the major factor is growth in the size of the motor 
unit, with, as an additional factor, the hypertrophy of the individual muscle 
fibers. 

The growth of the motor units occurs mainly during the first months after the 
partial denervation as is indicated by the usually practically complete re-innerva- 
tion of the m. sartorius in the 2 months experiments. The increase in fiber 
thickness seems to continue much longer and may be mainly responsible for the 
increases in force after that time. 

If by growth of the motor units the muscle is completely re-innervated and if 
on top of this, fiber hypertrophy occurs, the resulting muscle may become stronger 
than the entire control muscle. Indeed, in the 6 months series the mean force of 
the m. sartorius on the operated side during stimulation of the fibers from L 5 was 
larger than the mean force of this muscle in the control animals (table 1) during 
stimulation of the entire femoin.! nerve. It should be emphasized that in the 
other muscles of the leg, for instance in the m. quadriceps, these two factors are 
not able by far to make up for the loss in force incurred by the destruction of L 6. 

We have seen that the participation of L 5 in the innervation of the sartorius 
is quite variable. In a sartorius which is almost fully innervated by L 5 the 
motqr units will be able to grow only slightly after the removal of L 6, since in 
that case there are present only a small number of denervated muscle fibers, 
which can be adopted by the remaining motor units. On the other hand in the 
sartorius in which L 5 innervates only a small part of the muscle the opportunity 
for growth of the intact units will be large. It is thus to be expected that Q is 
greatly influenced by the size of the original contribution of the 5th lumbar seg- 
ment. The theoretical relation between Q and the original contribution of L 5 
is given in the line of figiue 3 for a muscle developing 150 grams when fully con- 
tracting, assuming that it becomes completely re-innervated. In the same 
graph the Q’s determined in the 2 and 6 months experiments have been plotted 
against the force developed diuing stimulation of L 5 on the control side. It is 
obvious that the laigest increases are found in the animals in which L 5 originally 
innervated only a small part of the sartorius muscle. Though the variations are 
considerable, the Q’s follow the general trend of the theoretical line in this figure 
computed for a sartorius muscle of average strength. The relation between the 
increase of force and the original innervation of the sartorius by L 5 is one of the 
strongest arginnents for the importance of the increase in the size of the motor 
imit as a factor in the improvement of the paretic m. sartorius. 

It is obvious from the relation between Q and the original innervation by L 5 
just mentioned, that the mean Q is a poor indicator of the potentialities of the 
motor umt growth. In order to evaluate this potentiality we should consider 
only those experiments in which the original innervation of the m. sartorius by 
L 5 was small. From figure 3 it appears that, even allowing for the factor of 
muscle fiber hypertrophy, a tenfold increase in the size of the motor unit is prob- 
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ably not uncommon in the m. sartorius when the conditions for such an increase 
are favorable. In the m, quadriceps which never becomes completely inner- 
vated no significantly larger Q^s were found. However, it is not certain that a 
tenfold increase is the limit of the potentiality of the motor unit growth, since it 
is possible that in the m. quadriceps the distribution of the connective tissue in the 
muscle prevents a further growth of the motor unit, whereas in the m. sartorius 
the smallness of the muscle is the limiting factor. 



Fig. 3. The Q’s computed from the forces developed in the operated and control sartorius 
muscles in the 2 (dots) and 6 (circles) months experiments, have been plotted against the 
forces developed in the control muscles on stimulation of L5, The line shows the theoretical 
relation between these two values for a muscle developing a force of 160 grams when fully 
contracting, assuming that the muscle becomes completely re-innervated. 

The mechanism of the increase in force observed above in paretic muscles may 
well be comparable with that of the improvements seen in paretic muscle of long 
standing after forceful massage (Billig, van Harreveld and Wiersma) , The latter 
have been explained on the basis of an injury to the finest intramuscidar branches 
of the motor nerve fibers leading to increased ramification and muscle fiber adop- 
tion during the ensuing process of regeneration. It is not beyond conjecture that 
the paretic leg of the rabbit is subjected to mild injuries as the animal moves 
around, and that these would be sufficient to produce the damage of the intra- 
muscular nerve fibers. If this is the basis of the reinnerx^'ation then a ready expla- 
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nation for the greater increases in them, sartorius as compared to them, quadriceps 
can be seen in the superficial location of the m. sartorius, since the remain- 
ing motor units of the m. quadriceps, hidden in the substance of the muscle, are 
less subject to these slight injuries. 

A possibility which should not be overlooked is that the damage to the intra- 
muscular ramification is caused, not by external injury, but by the contraction of 
the intact motor units, displacing their fibers with respect to the denervated ones. 
It has been found that this mechanism can cause extensive damage to the intra- 
muscular ramification in the crustacean muscle (van Harreveld, 1939). 

Another possibility is that the re-innervation of the m. sartorius is comparable 
with the spontaneous re-innervation of areas which have lost their sensory nerve 
supply, from the surrounding intact nerves. Speidel (1935) found this ip tadpole 
tails, and Weddell, Guttmann and Gutmann (1941) found that the shrinking of an 
anesthetic area, even when no regeneration of the old sensory pathway occurs 
(Pollock, 1920), is due to an outgrowth of nerve fibers from the surrounding sen- 
sory nerves. The growth of the motor units observed in the m. sartorius thus 
might be the motor counterpart of Weddell, Guttmann and Gutmann’s observa- 
tion on the sensory re-innervation of the skin. 

The growth of the motor units observed is of considerable practical interest, 
since it shows that paretic muscles can improve by other mechanisms than by 
the regeneration of the lost nervous structure. For instance, the paresis after the 
acute phase of poliomyelitis tends to improve very considerably, even to apparent 
normalcy, during the first ^ to 1 year after the attack. Since the nerve cells 
destroyed during the acute phase are not replaced, it is unlikely that this improve- 
ment is caused by nervous regeneration, and it is likely that the growth of the 
remaining motor units is mainly responsible for the improvements. , This con- 
sideration leads to the expectation that muscles which have been paretic due to 
poliomyelitis and which have apparently returned to normalcy are in fact pro- 
foundly changed and consist of relatively few but large motor units. 

I am greatly indebted to Mrs. J. Wiersma and Miss R. E. Estey for valuable 
assistance. 


SUMMARY 

1 . A severe, paresis is produced in the m. quadriceps and usually also in the m. 
sartorius of the rabbit by pulling the 6th lumbar spinal nerve out of the spinal 
cord. The small contingent 5f motor fibers from L 5 forms the sole remaining 
motor innervation of these muscles. 

2. Recording the forces developed by the right and left mm. sartorius and 
quadriceps during the stimulation of the fibers from L 5, a few months after the 
removal of the 6th lumbar spinal nerve, it was found that the force produced on 
the operated side was considerably larger than on the control side. 

3. This increase in muscle force starts about two weeks after the removal of 
L 6, it is considerable during the first few months and has probably not quite 
ceased after 6 months. 
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4. No serious or obvious degeneration was usually found in the m. sartorius 
two months after the removal of L 6, even in the instances in which this muscle 
was innervated originally only to a small extent by L 5 (as indicated by the small 
forces developed on the control side during stimulation of L 5). 

5. The average surface of the muscle fiber cross section in the m. sartorius on 
the operated side was found to be larger than on the control side. 

6. It was concluded that the increase in force observed a few months after the 
partial denervation of the sartorius and quadriceps muscles is due mainly to an 
adoption by the motor units belonging to the 5th lumbar segment, of muscle 
fibers innervated originally by L 6 . This adoption would be made possible by an 
increase of the branching of the end ramification of the motor fibers of L 5. It is 
possible that the increase in thickness of the muscle fibers is an additional factor 
in the increase of muscle force of the partially denervated muscles. 
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Following severe hemorrhage in animals, a hyperglycemia occurs which differs 
from that produced by adrenalin in two respects; it is more marked and is not 
influenced by denervation of the carotid sinuses (1). During shock produced 
by the application of limb tourniquets, there is also a moderate elevation of 
blood sugar. As in the case of hyperglycemia following hemorrhage, it has 
been of interest to study the magnitude of the blood sugar rise in tourniquet 
shock and the effect on it of carotid sinus denervation. In the course of these 
studies other changes were also observed that might be interpreted, together 
with the hyperglycemia, as manifestations of general autonomic nervous system 
stimulation. The presentation that follows deals not only with the blood sugar 
changes in normal dogs and dogs with denervated carotid sinuses following the 
application or release of limb tourniquets, but also describes alterations observed 
on the effect of anesthesia, on cardiac rate, on hematocrit, on blood pressure, 
on splenic contraction, and on the electrocardiogram during the tourniquet 
procedure. V ariations in the picture of the shock produced and local circulatory 
changes in the occluded limbs are correlated with variations in the length of 
time of tourniquet application. A few studies of electrolytes have been made 
where they seemed pertinent. 

Mechanisms concerned in the hyperglycemia of tourniquet shock, A total of 
thirty-four dogs was used. Seventeen were normal controls; in the other seven- 
teen bilateral carotid sinus denervation had been completed seven to fourteen 
days prior to the study of the influences of tourniquet application. 

There was a rise of the blood sugar after release of the tourniquets in all but 
three of the normal animals. The increases ranged from 4 mgm. per cent to 
83 mgm. per cent, with an average of 39 mgm, per cent. The highest values 
for seven of these dogs w^ere terminal, from 60 to 160 minutes after release. In 
six others, the intermediate values between release and death were higher than 
the terminal, and only one determiaation after release was made for the four- 
teenth. 

The three dogs with decreases showed 7, 10 and 35 mgm. per cent reduction 
respectively shortly before death, which occurred after 150 and 152 minutes for 
the first two, and 180 minutes for the third. The last animal was sacrificed 
because of poor condition. 

Following release of the tourniquets, two of the sinus denervated dogs showed 

1 The work described in this paper was done with the aid of grants from the Common- 
wealth Fund and under a contract, recommended by the Committee on Medical Research, 
between the Office of Scientific Research and Development and Yale University. 
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a slight and transient rise of 18 mgm. per cent and 19 mgm. per cent respectively. 
The other fifteen showed a fall varying between 4 mgm. per cent and 85 mgm. 
per cent. The lowest values were terminal with only two exceptions in which 
they were intermediate. The average survival time of these seventeen animals 
was 124 minutes. 

After tourniquet release, there were no significant variations between the 
normal and the sinus denervated dogs, either in the steady decrease of blood 
pressure, venous oxygen, and carbon dioxide, or in the rise of the hematocrit and 
blood lactic acid. The first impression that the survival period was shortened 
by sinus denervation could not be sustained. 

The fact that the blood sugar fell in sinus denervated dogs with release of 
the tourniquets, and in this way contrasted with controls whose blood sugar 
rose under the same circumstances, suggested that the adrenal-carotid sinus 
mechanism is concerned in the mild hyperglycemia of tourniquet shock. It 
will be recalled that this is not the case following hemorrhage. 

In the course of the studies just described, the blood sugar usually had become 
elevated both in normal and sinus denervated animals before the tourniquets 
were released. Determinations, therefore, were made immediately before 
application of tourniquets and also two and one-half and five hours later. 

The rise in blood sugar for the normal dog during the period of tourniquet 
application varied between 6 mgm. per cent and 97.6 mgm . per cent, and averaged 
37 mgm. per cent for the seventeen animals of the group. Determinations also 
were made two and one-half hours after application and the values in eight 
animals were found to be even higher than after the five hour period. 

In seventeen sinus denervated dogs the increase after five hours of ligation 
averaged 55 mgm. per cent and in nine animals of this group it was also at a 
higher level at the two and one-half hour period. 

The absence of significant difference in the hyperglycemic reaction of normal 
and carotid sinus denervated animals during the period of tourniquet application, 
supports the conclusion that adrenalin is not causatively related to this rise in 
blood sugar and that the increase may be a result of sympathetic stimulation. 

Stimulation of the autonomic nervous system by tourniquet application. Other 
evidences of sympathetic stimulation also were observed. They include influ- 
ences of tourniquet application on anesthesia, cardiac rate, hematocrit, blood 
pressure and splenic contraction. 

In the normal dog 25 mgm. of nembutal/kgm. of body weight injected intra- 
venously has been found to result in satisfactory surgical anesthesia for one and 
one-half to two hours. This time was halved when tourniquets were applied 
and was further markedly reduced if animals with denervated sinuses were 
used. The slow respiratory rate after nembutal in the normal dog (8-12 a min.), 
was increased soon after tourniquet application to 30 a minute and still further 
in the sinus denervated animal. The same variations occurred in cardiac rate, 
the pulse rising from 120 per minute with the application of the tourniquet to 
180-240 per minute. It only returned to the previous level after more than an 
hour for the normal dog. For the sinus denervated animal it rose to 300 or 
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more a minute, and also fell more gradually. Tourniquet application likewise 
increased the force of cardiac contraction observed by palpation in both groups 
of dogs. 

Normal dogs showed only a very slight change in the hematocrit during the 
period of tourniquet application. The variation in eight animals ranged from 
an increase of 5 vol. per cent to a decrease of 3 vol. per cent with an average of 
+2 vol. per cent. In contrast, eight sinus denervated dogs all showed increases 
in hemoconcentration ranging from 9.5 vol. per cent to 19 vol. per cent and 
averaging 14.5 vol. per cent. 

Blood lactic acid was determined before application of the tourniquets and 
again just prior to their release in nine normal and eighteen sinus denervated 
animals. Two of the animals of the first group showed a decrease of 2.3 and 
5.2 mgm. per cent respectively ; the other seven showed an increase varying from 
1.9 to 23.8 mgm. per cent and averaging 11.1 mgm. per cent. Only one of the • 
animals of the sinus denervated group showed no change. The other seventeen 
showed elevation of blood lactic acid varjdng from 8.5 to 46.3 mgm. per cent 
and averaging 28 mgm. per cent. 

A rise of 20-30 mm. Hg in the mean systolic blood pressure promptly followed 
tourniquet application to one hind leg of a normal dog under nembutal anes- 
thesia. A tourniquet applied to the second leg further elevated the pressure 
slightly. This elevated pressure persisted for one-half hour or more and then 
slowly returned to the pre-operative level. The rise in pressure coincided in 
time with the altered cardiac and respiratory rates and was as great as 50 mm. 
Hg in sinus denervated animals. In the sinus denervated dogs the rise in hema- 
tocrit was definite as mentioned above, while the controls showed neither signifi- 
cant rise nor fall. In both groups nembutal resulted in splenic dilatation. The 
stimulus in the normal dog was not adequate to counteract such effect, but with 
the sinus removed, the same stimulus resulted in splenic contraction and hemo- 
concentration. The corollary also held. With preliminary removal of the 
spleen in sinus denervated dogs, tourniquet application was not followed by 
significant hemoconcentration. 

These findings during the period of tourniquet application involving blood 
sugar, cardiac contraction, pulse rate, blood pressure, hematocrit and splenic 
contraction pointed to sympathetic stimulation, as a result of pressure from 
the tourniquets. The fact that the signs all were more marked in sinus dener- 
vated animals was in accord with removal of the influences the sinus exerts on 
autonomic function (2). 

Observations on the mechanism of sympathetic stimulation. Experiments were 
undertaken to determine whether pressure exerted by the tourniquets upon 
underlying nerves of the leg could be related to the sympathetic stimulation. 
Procaine infiltration of the skin and deep tissues of the leg in the area underlying 
the tourniquet were completed before its application and repeated at about 
twenty minute intervals. Local anesthesia of the limb thus induced eliminated 
all the general effects of the tourniquet, including those on respiration and pulse 
rate, blood pressure, blood sugar and hematocrit. 
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The same abolition of all tourniquet effects was obtained when the lumbo- 
sacral nerve roots Had been cut before tourniquet application. 

This evidence of the origin of the stimulation of the sympathetic system from 
pressure exerted by the tourniquet on underlying nerves^ further suggested that 
the rise in blood pressure might be another expression of the same mechanism. 
The splenic contraction with resulting rise in the hematocrit, it was thought, 
might only be a part of the general contraction of the splanchnic vessels. 
Accordingly the following experiment was completed: After removal of the 
stomach, large and small intestine and spleen without change in blood pressure, 
the tourniquets were applied to the legs as usual. No rise in blood pressure 
resulted. The responsiveness of the animal at this stage was demonstrated by 
eliciting the normal reaction to intravenously administered 0.2 mgm. of adrenalin 
hydrochloride. 

As has been noted, the signs of S 3 rmpathetic stimulation after tourniquet 
application did not persist. To determine whether this failure of response 
resulted from injury to the nerve by direct pressure of the tourniquet or whether 
it was an expression of exhaustion of the mechanism, a tourniquet was applied 
to the second leg when the blood pressure, pulse and respiration had returned 
to normal. The interval between application of the first and second tourniquets 
was varied. It was found that the response was lacking, or insignificant when 
the elapsed time did not exceed twenty four hours. Beyond this, the application 
of a tourniquet to the second leg was followed by a rise in pressure. Subsidence 
of the stimulation was interpreted, therefore, as a manifestation of sympathetic 
fatigue, following excessive stimulation. 

Local loss of fluid after tourniquet release in normal and sinus dmervated dogs. 
There was a marked discrepancy between control animals and the sinus 
denervated group in the swelling of the legs following release of the tourniquets. 
After a five hour application, the hind legs of the normal dog promptly began 
to swell and within a short time this became very marked. The damage to the 
muscles readily became apparent when a severely shocked animal occasionally 
survived for suflSicient time to allow necrosis to become manifest. Histological 
examination of the tissues of the leg, removed even as early as an hour after 
tourniquet release, showed an accumulation of red blood cell and fibrin-contain- 
ing fluid in the interstitial tissuiBS and also extensive swelling and some necrosis 
of the muscle fibers. 

All of these phenomena were much less pronounced in similarly treated sinus 
denervated dogs. The swelling of the legs with the release of the tourniquets 
either was definitely decreased or absent. Histologically, exudation was scant 
with red blood cell accumulations rare and muscle degeneration far less apparent, 
only appearing as frank necrosis in occasional fibers. 

The possibility that the extent of the muscle* change might be expressed in 
increased plasma phosphate led to its determination in a series of normal and 
sinus denervated dogs before application of the tourniquets, after their release 
and just before death. No change in plasma phosphate occurred during the 
five hour period of tourniquet application. The rise in plasma phosphate after 
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release is illustrated in table 1. The results were inconclusive* This might 
have been anticipated as there are other important factors associated with shock, 
especially the decreased circulating blood volume, that elevate serum phosphate. 
The slightly smaller increase in plasma phosphate in the sinus denervated dogs 
is consistent with the much less extensive histological evidence of change in 
the muscle fibers of the extremities. 

The effect of varying the time of tourniquet application on the local loss of fluid 
and the development of symptoms of shock. In the course of the foregoing studies 
on physiological changes associated with tourniquet shock, it was repeatedly 
observed that variation in the duration of tourniquet application led, after 
release, to very different results locally in the occluded limbs and also to differ- 
ences in the time of appearance and severity of the ensuing symptoms of shock. 
Consequently, systematic study was undertaken of these differences after 


TABLE 1 
Plasma phosphate 



NOSILAX 

SnnJS PEHERVATBD 


Before application of 
tourniquets 

After release, 
terminal 

Before application of 
tourniquets 

After release, 
terminal 


mgm. % 

mgm. % 

mgm. % 

mgm. % 

1 

6.5 

22.6 

6.8 

24.0 

2 

5.2 

26.6 

4.5 

12.5 

3 

4.6 

33.4 

6.1 

17.4 

4 

3.75 

20.4 

4.7 

24.3 

5 

3.5 1 

19.3 

4.5 

17.0 

6 



3.9 

17.0 

Total 

23.5 

122,3 

30.5 

U2.2 

Average 

4.7 

24.5 

5.1 

18.7 

Phosphate increase: 19.8 mgm. % 

Phosphate increase; 13.6 mgm, % 


tourniquet application periods var3ring from sixty-five hours to two and one-half 
hours. 

L Local and systemic changes following release of tourniquets applied sixty- 
five or forty-eight hours. Observations were made in sixteen animals with either 
one or two hind limbs occluded. During the application of the tourniquets, 
moderate s’welling occurred. After release there was no increased swelling, 
but gangrene developed. Just prior to release the femoral arteries and veins 
of the sixty-five hour dogs were found to be occluded by thrombi. In the forty- 
eight hour group only the femoral veins were so occluded. 

In both groups of animals, after release, the shock picture did not develop. 
The experiment was terminated forty-eight hours after the tourniquets were 
removed because of the condition of the legs. 

2. Local and systemic changes following release of tourniquets applied twenty- 
four hours. Seven animals were studied, with one or both hind limbs occluded. 
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There was, as with the sixty-five and forty-eight hour dogs, moderate swelling 
of the legs during the period the tourniquets were in position and the legs became 
markedly swollen after release. No thrombi were found in any of the femoral 
arteries but in two instances the femoral veins were occluded* Perfusion of 
Tyrode’s solution through some legs (femoral artery-femoral vein, if vessels 
were free) at a given pressure resulted in great swelling of the limbs and practi- 
cally no return of the perfusate. Histologically, sections of the perfused limbs 
revealed enormous quantities of interstitial fluid separating the individual 
muscle bundles. Capillary thrombi were not present and the patency of the 
smallest vessels was further attested by the presence in them of India ink, if 
this had been added to the perfusate. 

As in the two preceding groups of dogs, the twenty-four hour animals did 
not develop shock after x’elease of the tourniquets. 

3. Local and systemic changes following release of tourniquets applied smenieen 
or eighteen hours. Seven dogs were used with one or both hind limbs occluded. 
On release, there was great swelling of the limb immediately, and in limbs 
perfused with Tyrode’s there was marked swelling and reduction in the return 
of perfusate. No thrombi in major vessels or capillaries were present. Histo- 
logically the edema of the soft tissues was marked. 

The symptoms and signs of shock were studied in three of the seven animals 
in this group. Shock did not develop immediately and was never severe until 
just before death, which occurred between twenty and thirty hours after release 
of the tourniquets. I 

4. Local and systemic changes following release of tourniquets applied nine hours. 
Four dogs w’ere used, with one hind limb occluded. Upon release of the tourni- 
quets there was swelling of the limb. No observations on the presence of 
thrombi or the return of perfusate were made in this group. 

In contrast to the seventeen or eighteen hour animals, marked signs of shock 
developed promptly in the nine hour dogs and three of four of these animals 
died within ten hours of release of the tourniquet. 

5. Local and systemic changes following release of tourniquets applied Jive 
hours. Several hundred dogs were studied during these and previous investi- 
gations. The majority of these animals had both hind legs occluded. As 
already stated, upon release of the tourniquets there was immediate, marked 
swelling of the legs with interstitial edema of the soft tissues and some necrosis 
of muscle. Studies on plasma phosphate on six of these animals have been 
reported above. In limbs perfused with Tyrode’s the volume of perfusate 
recovered was reduced, and the legs became definitely swollen. 

Following release of the tourniquets applied five hours previously normal 
dogs like those in the nine hour group, promptly developed symptoms of shock 
(3). 

6. Local and systemic changes following release of tourniquets applied two and 
one-half hours. Six dogs were studied with one or both hind legs occluded, 
lifter tourniquet release in this group there was no swelling of the legs and no 
interference with the return of perfused Tyrode’s solution. 
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Id contrast to. the five hour dogs, after release of limb tourniquets in position 
two and one-half hours, shock did not develop, and the animals had completely 
recovered in a few hours. 

The observations recorded for the above groups of animals warrant brief 
discussion. If the application of the tourniquet is maintained long enough, 
thrombotic occlusion of the major vessels of the limb occilrs; thereafter, upon 
release, no appreciable local jSuid loss can take place because of the blocked 
circulation; hence. there is no further swelling of the limbs. Conversely, there 
can be only minor return to the systemic circulation of any product that may 
have accumulated in the limb tissues during occlusion. This fact may be 
correlated with the non-appearance of the shock syndrome after the longer 
periods, of tourniquet application in which thrombi have been found in the 
femoral artery and/or veins. 

Thrombi -are usually not present in the major vessels or capillaries of the 
extremities after twenty-four hour and seventeen-eighteen hour tourniquet 
application. Consequently a blocked circulation cannot be responsible for 
the delayed appearance- of the symptoms of shock and their mildness — definite 
observations in. these groups of animals after tourniquet release. Local fluid 
loss (swelling of the legs) is very marked in these dogs, involving greatly increased 
capillary permeability. In the nine hour and five hour groups local fluid loss 
and local circulatory, changes .do not appear so promptly and are not quite as 
extensive. These dogs develop severe symptoms of shock promptly after 
tourniquet release. It is questionable whether the diff fences in speed of 
appearance and extent of local fluid loss and circulatory changes are great 
enough to explain* the marked discrepancy in symptomatology following the 
•release of tourniquets in position five and seventeen hours. 

The production of shock without accompanying local fluid loss. From the above 
discussion it is. clear that it would be of interest to attempt to dissociate the 
factors of local fluid loss and local circulatory changes in the production of 
shock from other factors as yet unknown. This problem was approached in 
the following way. From the studies described in the foregoing section, it was 
known that release of tourniquets after two and one-half hour application was 
not accompanied by local loss of fluid. Furthermore, studies on tourniquet 
shock, with- only a very few exceptions, have been carried out at room tempera- 
ture. The possibility of accelerating chemical change in the muscle without 
fluid loss during a short period of tourniquet application by warming the extremi- 
ties, suggested, itself. This idea was supported by the well-known fact that 
the severity of tourniquet shock is decreased when the extremities are refrigerated 
and also by isolated reports on the influence of heat (4, 5). 

• Accordingly after tourniquet application the legs of the test animals were 
immersed in water at 47°C, for two hours. The tourniquets were then released 
within ten minutes after removal from the bath. Twenty experiments of this 
variety have been completed with similar results in all. Shock developed within 
one-half to one hour after release and ended fatally within two to four hours. 
It should be emphasized that this picture of severe shock developed without 
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swelling of the legs during the period of survival in thirty seven of the forty 
legs. This was corroborated in many instances by histological examination. 
In the three exceptions, swelling was due to hemorrhage. Further, in a few 
instances, the legs were perfused with saline following the release of the tourni- 
quets after two hour application at 4n^C. No escape of the perfusate into the 
tissues was observed. 

The short period involved in the individual experiments made it unlikely 
that bacterial toxins were concerned in the induction of shock (6). To secure 
direct information, animals pretreated with gas bacillus antitoxin and with 
both antitoxin and penicillin were studied. The results are presented in table 2 
and together with bacteriological studies of blood and tissues made at the death 
of the animals, exclude infection as a cause of shock in this particular investiga- 
tion. 

Determinations of serum electrolytes . In view of the absence of specific inf onnar 
tion concerning the chemical nature of the toxic factor arising in the ligated 
legs and also of the known increase of serum electrolytes, potassium levels 
(7, 8) were determined in four experiments of this series. Samples of serum 
were secured, just prior to tourniquet release, forty minutes later when the blood 
pressure was approximately at shock level, and then at intervals of half hour 
until fatal termination. There was a rise in the potassium values from the 
pre-release level of 5 m. eq. to 8.5 =b 0.5 m. eq. when shock was evident and 
further increase to 9~9--12 and 12 m. eq. just before death. 

Serum phosphates also were determined in these four animals as well as in 
many others. The values for tliis electrolyte likewise not only were increased 
but were tripled in the serum prior to death. Serum potassium and phosphate 
in such excess must be considered in the precipitation and the fatal outcome of 
shock. One measure of their toxicity is available through alteration in the 
electrocardiogram. Increase in the T waye, associated with depression of the 
ST interval and heart block, together with disappearance of the P wave, are 
expressions of toxic effects of potassium on the heart (9). Latent tetany, 
accompanying increase in serum phosphates leads to a marked change in cardiac 
action, expressed by the K value — a quotient of the length of the electric ven- 
tricular systole divided by the square root of the rate (10) . Electrocardiographic 
studies were, therefore, made on three of the four above animals in which serum 
potassium and phosphate were determined. The report follows.^ 

Dog 1 . The hind limbs were ligated for two hours and ten minutes in water bath at 47®C. 
As compared with the control tracing (EGG I), the significant changes are slight depression 
of the S-T segments in leads 2 and 3, and moderate increase in the size of T j the latter change 
was progressive only in one of the series. Auricular activity remained normal throughout, 
as did intraventricular conduction. The duration of ventricular systole, expressed in terms 
of was 0.359 in the control EGG, and 0.329 in the tracing obtained just before death. 

Dog 2. Hind limbs ligated for two hours and ten minutes in water bath at 47®C. As 
compared with the control tracing (EGG I), no definite changes in the level of S-T or in the 


® The electrocardiograms were made and interpreted by Dr. Arthur J. Geiger of the De- 
partment of Internal Medicine. This assistance is gratefully acknowleged. 
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amplitude of T occurred in any of the subsequent ECGs, and auricular activity and normal 
QRS conduction persisted to the end. The duration of ventricular systole, expressed in 

TABLE 2 


Bacteriological studies on dogs with limbs ligated for two hours at 


DOG 

NO. 

WT. 

ANTITOXIN 

PENICILLIN 


i 

kgm. 

10 

*P.D. 10,000 U. B, Welchii 
P.D. 10,000 U. V. Septique 
i.v. 2J hrs. before tourni- 
quet release X. 


No significant swelling or 
edema of legs on gross 
examination at autopsy. 
Survival time — 4 hrs. 30 
min. 

2 

9.2 

tLilly 20,000 XJ. Gas gangrene 
antitoxin i.v. 3§ hrs. before 
tourniquet release 1. 


No edema of legs on dissec- 
tion at autopsy. Sur- 
vival time— 2 hrs. 30 
min. 

3 

9.8 

fLilly 20,000 U, Gas gangrene 
antitoxin i.m. 18 hrs. be- 
fore tourniquet release. 
Repeated 2| hrs. before 
tourniquet release X. 


Musculature of legs dry. 
Survival time — 2 hrs., 20 
min. 

4 

9.6 

tLilly 20,000X1. Gas gangrene 
antitoxin. 6,000 XT. tetanus 
(Lederle) i.m. 18 hrs. be- 
fore tourniquet release X. 


Both thighs dry. Survival 
time— 3 hrs. 40 min. 

5 

10.8 

*P.D. 10,000 XJ. Perfringens 
P.D. 10,000 

P.D. 1,500 U. Oedematiens 
i.m, 24 hrs. before tourni- 
quet release. Repeated 16 
hrs. and 4 hrs. before tour- 
niquet release X. 

1,300 XJ./kgm 4 hrs. 
before tourni- 
quet release. 
Repeated 2 hrs. 
and f hr. before 
tourniquet re- 
lease X. 

No aerobic or anaerobic 
growth from blood 30 
min. after release or at 
death. None from mus- 
cle biopsy at death. Sur- 
vival time 3 hrs. 30 min. 

0 

1 9.1 

*P.D. 10,000 XJ. Perfringens 
P.D. 10,000 U. F. Septique 
P.D. 1,500 XT. Oedematiens 
i.m. 20 hrs. before tourni- 
quet release. Repeated 4i 
hrs. before tourniquet re- 
lease X. 

1,550 U./kgm 2i 
hrs. before 

tourniquet re- 
lease. Re- 

peated i hr. 
before release X. 

No aerobic or anaerobic 
growth from blood and 
none from muscle biopsy. 
Dog’s legs dry. Survival 
time 40 min. 


* Parke Davis. 

t Lilly: Antitoxin for dogs 1 to 4 received from manufacturer 3 months before use. 
Antitoxin for dogs 5 and 6 received from manufacturer 3 days before use. 


terms of “K”, was 0.363 in the control EGG and 0.384 in the tracing obtained just before 
death. 
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Dog 3, Hind limbs ligated for two hours and ten minutes and in water bath at 47®C. 
As compared with the control tracing (EGG I) , the significant changes are slight depression 
of the S-T levels and moderate increase in the amplitude of T in leads 2 and 3. These 
changes are not progressive between EGG II and III during which interval of forty-five 
minutes the dog progressed into profound shock. In EGG IV, taken when the dog was in 
an agonal state and had ceased respiring, there is periodic auricular standstill, with occa- 
sional sinus discharges as well as nodal and ventricular escaped beats. The duration of 
ventricular systole, expressed in terms of “K*' was 0.288 in the control EGG and 0.290 in 
EGG III. 

Comment. The duration of ventricular systole, corrected for heart rate, 
became slightly shorter in the course of one experiment, slightly longer in the 
second and was virtually unchanged in the third; the relatively slight differences 
and inconsistency of trend argue against their being of significance. 

The relatively slight S-T and T changes seen in the tracings following release 
of the tourniquets are consistent with early potassium effects (6-8 m. eq.). 
The periodic suppression of auricular activity in ECG IV, taken during the 
agonal moments of Dog 3, are consistent with potassium effects seen with 
serum levels of about 8 m. eq. The characteristic eJffects of late potassium 
poisoning, which include complete auricular standstill and intraventricular 
block, were not obtained during the survival period of these animals, and death 
occurred with respiratory arrest before cardiac arrest. The evidence indicates 
that death in these dogs was not due to potassium poisoning. 

SUMMAEY AND CONCLUSIONS 

Hyperglycemia develops during the five hour period of tourniquet application 
to the legs of dogs and continues to be augmented after release in the animal 
with intact carotid sinuses. 

When the carotid sinuses are denervated, hyperglycemia develops during 
the pei’iod of tourniquet application but is not increased after release. 

It is concluded that the hyperglycemia after release of tourniquets, as distinct 
from the hyperglycemia developing during tourniquet application, is dependent 
upon increased adrenalin discharge. 

The hyperglycemia that develops during the period of tourniquet application 
is accompanied by increased rate and strength of cardiac action and by elevated 
blood pressure. These signs are all more marked when the carotid sinuses are 
denervated preliminarily and they are interpreted as expressions of sympathetic 
stimulation. 

The stimulation of the sympathetic system is a result of pressure exerted by 
the tourniquets upon underlying nerves, as can be demonstrated by their block 
with local anesthetics or by their section. 

The stimulation of the sympathetic system is limited in time and is followed 
by a longer period of diminished reactivity. 

Preliminary carotid sinus denervation does not change the outcome or the 
survival period after release of tourniquets applied to the legs for five hours. 
A noteworthy observation under these circumstances is the markedly diminished 
swelling of the legs of dogs with denervated sinuses. 
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When tourniquet application is sufficiently protracted, thrombi develop in 
the large vessels of the extremities and release is not associated with signs of 
shock. 

The length of the period of tourniquet application, even when this is shortened 
to avoid thrombus formation, definitely influences the symptomatology that 
follows release. Symptoms of shock most marked wdth five hour application 
grow’' less not only w'hen the period is shorter but also when it is longer. 

No explanation is available for the lack of symptomatology with longer 
tourniquet application, when thrombi are absent. 

Its absence with shorter periods of tourniquet application is more readily 
understood. No swelling of the legs occurs on release after two hours of ligation. 
Even when the extremities are heated in a bath at 47°C. during the two hour 
period of application, no swelling of the legs follows release. However, shock 
develops promptly, ends fatally in two to four hours, and is indistinguishable 
from the syndrome that follows release after five hour ligation at room .tempera- 
ture. 

The possible r61e of infection in these two hour experiments at 47°C. has been 
excluded. The known increases in serum potassium and phosphate could not 
be shown to have major toxic action as determined by the electrocardiogram. 

We acknowledge technical assistance given by Mr. Edward lannucci. Miss 
Marjorie Abrahams and Miss Marie Stone. 
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A. Alkalinizmg therapy in hemorrhagic shock. Attention has been recently 
redirected to the r61e which acidosis plays in the development of hemorrhagic 
shock. In fact, Arimoto et al. have recently inculcated the plasma CO 2 ca- 
pacity values, following a moderate thirty minute hemorrhagic period, into a 
schema for determining the probability of survival following subsequent hemor- 
rhages (1). Prior to this in a series of hemorrhagic shock studies, Levine and 
co-workers stressed the importance of developing acidosis and obtained re- 
markable recoveries in comparison with 75 per cent mortality under control 
conditions by the expedient of supplementing withdrawn blood reinfusion with 
intravenous administrations of NaHCOs plus a metabolizable substrate, ^u- 
cose (2). They intimated that many conditions which have been referred to 
as irreversible shock can probably be treated successfully in the same way. 

The authors recently reported that 77 per cent mortality is to be expected when 
animals are subjected to hemorrhagic hypotension of 40-46 mm. Hg for 90 
minutes following which the original blood volume is restored (3). It was 
pointed out that despite the apparently satisfactory condition of such animals 
for variable periods after the reinfusion of withdrawn blood, certain physio- 
logical manifestations could be detected which indicated the existence of a 
condition incompatible with survival (3, 4). It was postulated that once this 
irreversible condition has been established, none of the known remedial measures 
can affect complete recovery. The apparent similarity, however, between the 
intensity of the hemorrhagic condition produced by Levine’s and our procedures 
(as judged by the essentially equivalent mortality rate in control experiments) 
raised the issue as to whether the condition we referred to as irreversible might 
be affected favorably by correction of the acidosis at the time of reinfusion. 
In an attenapt to decide this issue as well as to gain further information concern- 
ing the value of alkalinizing treatments in severe hemorrhagic conditions, the 
following study was undertaken. 

Procedure. The same number of animals (13) which were employed in the 
control series were subjected to the operative and standardized hemorrhagic- 
hypotension procedures described elsewhere (3, 5). Novocaine anesthesia was 
administered at the operative sites for blood vessel cannulation. All blood was 
let into Liquaemin^ solution. As an extra precaution, it was filtered through 
cotton gauze prior to its reinfusion into the animal at body temperature.- The 
two most satisfactory alkalinizing agents in Levine’s report were selected for 

^ We are indebted to Roche-Organon, Inc., Nutley, New Jersey, for their generous 
supply of Liquaemin solution (anticoagulant). 
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trial at equivalent dosages. Seven dogs received NaHCOs (0.43 gram/kgm.) 
and 6 received sodium lactate (0.58 gram/kgm.) by vein in 50 to 76 ml. of 
water. As in Levine’s experiments, a metabolizable substrate (glucose, 0.38 
gram/kgm.) was added directly to the blood returned to each animal. Thus, 
equimolar quantities of Na"^ and glucose were introduced to the various dogs. 
The bicarbonate solution was administered slowly and separately tto avoid 
unnecessary hemolysis. Within the hour following reinfusion of blood and other 
substances, the cannulae were removed and the wounds sprinkled with sulfanil- 
amide powder and sutured. The animals were thereupon returned to their 
quarters where they were permitted to drink small quantities of water. The 
follovdng day, survival animals were offered their regular quotas of food and 
water. No infections were seen at any time. 

In 5 dogs plasma CO 2 capacity values were determined by the Van Slyke 
manometric method. Blood samples for the latter were drawn a, during the 
control period, and 6, at the termination of the 90 minute hypotension period 
immediately prior to the intravenous injection of withdrawn blood and supple- 


TABLE 1 

Pla$ma €0^ capacity in volumes per cent 


EXPT, NO. 

] 

CONTROL VALVE 

TERMINAL-HyPOTE NSI VE 
V.ALUE 

ACTUAL REDUCTION IN 
PLASMA COs CAPACITY 

53 

46.76 

24.02 

-22.74 

54 * 

45.50 

23.67 

-21.84 

55* 

44.28 

15.64 

-28.64 

56 

52.05 

18.70 

-33.35 

57 

56.68 

17.25 

-39.43 


* Indicates complete recovery animals. 


mental alkalinizing agents. Values obtained from the latter samples are desig- 
nated as termiml-hypotensive plasma CO 2 capacities. These were desired so 
that the comparative degree of acidosis induced in Levine’s and these animals 
might be evaluated. 

Results. The occurrence of a low (about 15 vols. per cent) plasma CO 2 ca- 
pacity was considered by Levine et al. to indicate the existence of a hemorrhagic 
condition comparable to the so-called irreversible state of others. Hence, it 
was taken by them as an indication for the institution of reinfusion measures. 
Their terminal-hypotensive plasma CO 2 values ran consistently lower than the 
respective values obtained in the 5 dogs studied in this series (table 1), only one 
of which fell as low as 15.6 vols. per cent. Though its significance is conjec- 
tural, however, the actual reduction in CO 2 capacity during the hypotension 
IDeriod was definitely less in Levine’s animals (average reduction; Levine, 
—21.9; authors, —29.2 vols. per cent). This discrepancy may be partially 
accounted for in the abnormally low control values reported by Levine. Ac- 
cording to the common assumption that the plasma CO 2 capacity expresses 
the degree of existing acidosis, it is probable that Levine’s hemorrhagic proce- 
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dures induce a more severe addotic condition. It will be seen, however, that 
it is inadvisable to construe that other conditions were as severely deranged as 
in our hemorrhaged animals. 

The reinfusion of blood alone in control experiments led to a 75 per cent mor- 
tality in Levine’s animals as compared with 77 per cent mortality in ours (fig. 
1 A) . This might create the misleading impression that the two-shock producing 
procedures are equally severe. In their animals, however, NaHCOs supple- 
ments reduced the mortality rate to 38 per cent; in a smaller series of 8 dogs 



Fig. 1, Individual hemorrhagic-hypotension shock experiments 


with sodium lactate supplements, the mortality rate was further reduced to 25 
per cent. In contrast, the animals in this study which received one of these 
alkalinizing agents were not permanently benefited; that is, the mortalit}’' rate 
was the same as that obtained in the control series (fig. lA and IB). 

Though no increase in the number of complete recoveries could be demon- 
strated, there was evidence to suggest that these anti-acidotic measures might 
prove valuable administered during the irrvpending shock state while conditions 
are progresring toward irreversibility. Comparing figure lA and IB, for in- 
stance, it is seen that the length of the post-reinfusion sundval time is generally 
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longer in the latter series. There was also one less ‘^precipitant death'^^ in the 
B group. Additional evidence is drawn from a comparison of the post-rein- 
fusion (P-R) arterial blood pressures in the control, the alkalinizing and the 
fluid priming series (table 2). The more satisfactory pressures seen in the 
alkalinized group undoubtedly reflects the beneficial effects of these agents on 
vasomotor and cardiac function, either directly and/or indirectly through 
correction of the existing acidosis. It must be again re-emphasized that such 
excellent arterial pressures, which are only temporarily sustained in the true 
shock animals, tend to mask the existence of a critical state and hence, must 
not be permitted to influence attempts at prognosis in this period. 

Ducumon, On the basis of many hemorrhagic-hypotension experiments, it 
has been suggested (4) that, following a severe hemorrhage, an animal may 
progress from a, a state of simple hemorrhagic-hypotension to &, an impending 
shock state, which, if unsuccessfully checked by suitable treatment, transcends 
into an irreoersible shock state, from vrhich recovery, by definition, is impossible. 
Several criteria by means of which the occurrence of the transition from the 


TABLE 2 


SES.ZES 

NUMBER OF 
ANIMALS 

AVERAGE ARTERIAL PRESSURES IN MM. Hg 

Control 

P-R* 

Range of P-R values 

I Control 

13 

141 

93 

40-115 (170t) 

II Alkalinizing supplements 

13 ’ 

140 

132 

110-150 

Ill Fluid priming 

13 

140 

116 

70^140 


* P-R refers to pressures taken within 5 minutes after reinfusion of withdrawn blood, 
t This exceptional value occurred in a complete recovery dog in which the control value 
was also 170 mm. Hg. It was far out of line with the other values in this group. 


impending to the irreversible shock state can be recognized have been pre- 
sented (4). The findings with alkalinizing supplements in the present study 
support the above considerations. It was evident that once a recognizable 
irreversible state had developed in the^ animals, neither the return of all with- 
drawn blood nor the supplemental rapid correction of the existing acidosis ex- 
erted other than temporarily beneficial effects. The criteria by means of which 
transition from the impending to the irreversible shock state can be diagnosed 
were absent in the 3 complete recovery dogs in the alkalinizing series. In 
fact, their performance throughout the hypotension period mirrored that of the 
S survival animals in the control series. The authors feel it is safe to assume 
that the former would have recovered had blood alone been returned to them 
without the alkalinizing supplements. 

It is interesting to compare these negative anti-acidotic influences upon mor- 
tality rate with the promising effects attained by Levine, especially since the 
mortality rate in both control series seemed to portend the production of hemor- 

® Animals which succumbed within one hour following reinfusion of withdrawn blood 
were classified as ‘‘precipitant deaths*'. 
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rhagic conditions of essentially equivalent severity. Perhaps the apparent 
discrepancies can be quite well reconciled by the following considerations. 
The average mean blood pressure sustained during the hemorrhagic period was 
considerably higher in Levine’s animals. This indicates that in general tissue 
blood flow was more satisfactory and the resultant degree of tissue anoxia was 
less severe. The greater duration of the hemorrhagic-hypotension period, 
however, probably accounts for the more severe terminal acidosis attained in 
their dogs. Since more time was available for the developing acidosis to exert 
its deleterious effects, it is possible that the acidotic condition was a major 
factor in the development of shock in their experiments. 

On further analysis, it appears that Levine’s hemorrhagic procedures usually 
lead to the development of a shock condition which may be considered irreversible 
in the limited sense that restoration of the original blood volume cannot effect 
complete recovery. In such instances, unlike the situation in this study, the 
transition from the impending to the irreversible shock state must occur some- 
time during the post-reinfusion period. Presumably, this may be attributed 
to the continuance of the severe acidotic condition developed during the hypo- 
tension period, since remarkable recoveries were attained by correcting this 
condition at the time of reinfusion. One would infer, therefore, that the suc- 
cessful treatment with alkalinizing substances depends upon their introduction 
during the impending shock state regardless of whether it happens t 0 ‘ be during 
the hypotension or post-reinfusion period. Likewise, it follows that attempts 
were made in this study to treat an irreversible condition, inasmuch as alka- 
linizing agents were unable to alter the mortality rate. 

On the basis of Levine’s promising reports, as well as on the temporary bene- 
fits gained through alkalinization in our dogs, the value of such measures in 
severe hemorrhagic conditions warrants further investigation. Though acido- 
sis appears to assume considerable importance in the production of hemorrhagic 
shock, the participation of other factors is suggested by the fact that our dogs 
developed irreversible shock with plasma CO 2 capacities considerably higher 
than those reported by Levine for animals, which by comparative standards 
were still in the impending shock state. 

B. Fluid priming — an anti-hemorrhagic shock measure. Though only tem- 
porary benefits may be gained by specialized treatments when the irreversible 
state has been established, there is ample evidence that the development of the 
irreversible condition may be prevented by the institution of measures other 
than blood or plasma transfusions either prior to the loss of blood or during the 
impending shock state. The experimental reports of Ebert (6), Weston (7), 
and Ivy (8) strongly suggest that the resistance of an animal to the effects of 
severe hemorrhages may be related to the state of the animal’s hydration. It 
has been our experience that animals which recover completely from the stand- 
ardized hemorrhagic procedures or whose postreinfusion survival periods were 
greater than 10~I2 hours revealed a common tendency to undergo continuous 
hemodilution for 60 to 90 ininutes of the hypotension period. In those which 
succumbed in less than 10-12 hours, however, hemodilution processes were 
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arrested early with, relative hemoconcentration usually setting in. On the as- 
sumption that the ability of these animals to hemodilute is an expression of their 
initial state of hydration, it seemed that the mortality rate following the above- 
mentioned hemorrhagic-hypotension procedures might be considerably reduced 
if the initial state of hydration before bleeding were improved. 

Procedure. The method chosen to insure a well hydrated state involved 
sizeable intravenous injections of physiological saline at an adequate interval 
prior to the initiation of bleeding procedures. Each animal received, via a 
femoral vein, 35 ml. of saline per kilogram of body weight (about 5 per cent of 
the body weight) which was previously warmed to body temperature. After 
allowing 30-45 minutes for adequate distribution of this fluid among the various 
body water compartments, bleeding was begun and the remainder of the ex- 
periment was conducted according to the routine procedures previously outlined 
(3). Blood and plasma specific gravity determinations \vere made from blood 
samples taken at regular, arbitrarily selected intervals. The Barbour and 
Hamilton method for determining specific gravity was employed (9). 

Results and discussion. These fluid primed animals definitely surpassed 
those of the control and alkalinized animals in their ability to withstand hemor- 
rhagic-hypotension procedures of equivalent severity. The beneficial effects of 
priming are most clearly established in the greater number of complete recovery 
animals (compare fig. 1 A, B and C). Six complete recoveries are to be com- 
pared with 3 in each of the other series. In addition, it will be noted that there 
were no ^‘precipitant deaths’’ among the non-survival dogs (fig. 1C). In fact, 
the dog which succumbed in the shortest period of time (3.7 hrs.) was suffering 
a severe attack of distemper, which, unfortunately, was not recognized until 
the experiment was well advanced. In the other extreme, B survived more than 
60 hours after reinfusion. There was considerable question as to whether these 
could be considered as shock deaths. The definite diagnostic criteria of irre- 
versible shock (4) were not detected in these ^ dogs. Furthermore, the intestinal 
congestion seen at autopsy was extremely mild. For ivant of more positive 
evidence to the contrary, however, as well as to avoid excessive enthusiasm for 
the effects of fluid priming, these two animals are arbitrarily designated as 
delayed shock cases. 

Further evidence of the greater compensatory powers of the fluid primed dogs 
is presented in the following considerations. It was observed that a greater 
volume of bleeding was required to maintain these fluid primed dogs at the 
stipulated hypotensive level throughout the 90 minute period. The average 
total hemorrhage in the B6 dogs of the control and alkalinizing series amounted 
to 4.47 per cent of the body weight, whereas in the primed series it reached 5 
per cent. There was also a persistent tendency for blood pressure to ascend 
above the established 40-46 mm. Hg level in the latter dogs. Such results are 
not surprising, since these animals have a greater than normal fluid volume from 
which to draw upon in making readjustments of the circulating blood volume 
to changing conditions. Depending upon the intensity and duration of any 
hemorrhagic-hypotension procedure, there is apparently a variable though 
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critical irreducible minimum to which cellular and osmotically active constitu- 
ents of the blood can be reduced if, upon their restoration, complete recovery 
is to be expected. It might be surmised that this minimum is either lowered 
or less easily attained in the primed animals which are more adequately prepared 
to sustain a reasonably efficient circulating blood volume by auto-transfusion. 

Since the total amount of blood withdrawn under these routine procedures 
seems at least partially to express the capacity for auto-transfusion, further 
analysis of the bleeding volumes seems warranted. In holding to the specifica- 
tions of the hemorrhagic hypotension method, it was necessary to bleed an 
average of 6 per cent of the body weight in a, the complete recovery animals, 
and 6, in those whose post-reinfusion survival time exceeded 12 hours. In a 
further breakdown, it is revealed that the average hemorrhage among all non- 
survivals was 4.3 per cent as contrasted with 5 per cent of the body weight in 
the long survival group. If the latter group is excluded the average total hemor- 
rhage for those which succumbed within 12 hours drops to 4 per cent. 

It appears, therefore, that the insurance of adequate hydration by saline ad- 
ministration before or during hemorrhagic conditions will not necessarily pre- 
vent the development of irreversible shock. There is little question, however, 
that it may prove useful in delaying the onset of irreversible conditions until 
more effective agents such as blood or plasma are rendered available. The 
advisability of beginning hydration procedures as soon as possible in severe 
hemorrhagic conditions is obvious from the results of the above findings in 
primed animals. 

SUMMARY AND CONCLUSIONS 

With the revival of interest in the contribution of acidosis as a primary factor 
in the development of hemorrhagic shock, it was decided to test the value of 
correcting the acidosis developed after 90 minutes of hypotension by means of 
sodium bicarbonate and sodium lactate. It was observed that neither of these 
agents, when introduced intravenously as supplements to the reinfusion of all 
previously withdrawn blood at the end of the 90 minute hypotension period 
(40Ht6 mm. Hg) had any effect whatsoever on the mortality rate established in 
a control series. These results support the authors’ contention that, despite 
the apparently favorable behaviour of an animal, no known remedial measure 
can exert other than temporarily beneficial effects when administered after an 
irreversible state, as recognized by definite criteria, has developed. 

Evidence of a circumstantial nature was cited to demonstrate that the ad- 
n^nistration of alkalinizing agents during the impending shock state may pre- 
vent or delay the transition to the irreversible state. 

The failure of many animals to show continuous hemodilution for at least the 
major portion of the 90 minute hemorrhagic-hypotension period led us to believe 
that this process may have been restricted by an inadequate initial state of hy- 
dration. It was found that this compensatory mechanism was improved m 
many animals which had received (before hemorrhage) an intravenous injec- 
tion of saline equivalent to 5 per cent of their body wuight. The striking re- 
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ductioD in the mortality rate when compared with control animals (55 vs. 75 
per cent mortality respectively) in addition to the elimination of ^^precipitant 
deaths'" and the general prolongation of the post-reinfusion survival times offer 
strong testimony for the vital role which this compensatory mechanism plays in 
combatting the stress of severe hemorrhages. It also re-emphasized the im- 
portance of maintaining an adequate state of hydration whenever the loss of 
blood is significant. 
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The earlier evidence in favor of the existence of cardio-accelerator fibers in the 
vagus nerves was based on the resulte of experiments on atropinized dogs in 
which stimulation of the peripheral end of the cut vago-sympathetic trunk was 
found to produce acceleration of the heart (13-16). In other experiments (1, 
2, 6, 12) the results could not be interpreted in favor of the presence of such 
fibers. Recently Rabat (11) has reviewed the literature on the subject and has 
presented results which indicate that acceleration of the heart does occur in the 
atropinized dog in response to electrical stimulation of the peripheral end of either 
cut vagus. 

Marked acceleration of the heart in response to stimulation of the vagal root- 
lets intracranially both before and after atropinization was reported by Jourdan 
and Nowak (9, 10). Repetition of these experiments by Kabat (11) resulted in 
moderate acceleration in only three of six atropinized animals and in negative 
results, i.e., slowing in eight animals mthout atropine. 

Additional evidence in favor of vagal cardio-accelerator fibers has been ob- 
tained from experiments on the effects of acute cerebral anemia in the isolated 
cross-circulated head coimected to its atropinized trunk only by the vagus nerves 
(Jourdan and Nowak, 10; Kabat, 11). 

In completely sympathectomized dogs (3) and cats (4, 7) exercise has been 
found to produce a greater increase in heart rate than that which results from 
section of both vagus nerves. The interpretation of this finding is difficult with- 
out the employment of vagal cardio-accelerator fibers. 

Attempts to reflexly accelerate the heart through vagal cardio-accelerator 
fibers have led to conflicting results (Jourdan and Morin, 8; Kabat, 11). 

It is evident that most of the available evidence conceining the question of 
cardio-accelerator fibers in the vagus is based on acute experiments in anesthe- 
tized animals and that the type of stimulus used cannot be considered physio- 
logical. Many anesthetic agents are known to depress or otherwise modify 
visceral reflexes to the extent that data obtained from experiments in which they 
have been used are unreliable. Accordingly it has seemed desirable to study the 
problem from the standpoint of the ability of such a physiological stimulus as a 
lowered blood pressure reflexly to accelerate the heart in unanesthetized trained 
animals so prepared that the acceleration observed may be attributed to vagal 
cardio-accelerator fibers. 

1 Aided by grants from The John and Mary R. Markle Foundation and the General 
Research Council of the State of Oregon System of Higher Education. 

* A preliminary report has been published (5). 
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Method: The sharp profound fall of blood pressure needed for the purpose of 
reflexly activating cardio-accelerator mechanisms was produced accordiiug to a 
method described by Youmans, Aiimann, Haney and Wynia (16) in which the 
depressor compound acetylcholine was administered intravenously in selected 
doses. In all of the present experiments the doses varied from 0.5 to 1.5 mgm. 
of the compound. Variations in response could not be correlated with the dose 
selected. 

In some of the experiments intravenous injection of nitroglycerine in doses of 
1 or 2 cc. of 1 to 2500 dilution w'as used as a means of producing the fall of blood 
pressure. 

All surgical procedures were carried out under nembutal anesthesia. Sympa- 
thetic denervation of the heart was accomplished by bilateral removal of the 
stellate and upper five or more thoracic sympathetic ganglia. Animals having 
had this operation will be spoken of as cardiac sympathectomized or as dogs hav- 
ing sympathectomized hearts. The vagi were sectioned at about the level of the 
thyroid cartilage. 

The adrenal demedullation consisted of a thorough cauterization of the entire 
core of the glands. Later histological examination of some of the glands re- 
vealed not more than traces of medullaiy tissue. 

All results were obtained from experiments on chronic dog preparations with- 
out the use of anesthesia. For purposes of injection a sharp 22 gauge needle 
attached to a syringe containing 0.9 per cent NaCl solution was carefully intro- 
duced into a leg vein. The trained animal exhibited no evidence of excitement. 
Following an interval sufiicient to determine that the heart rate was reasonably 
well stabilized, the continuous electrocardiographic tracing was started. After 
about 20 seconds of recording, the acetylcholine was injected rapidly from 
another syringe attached through a three-way valve with the same needle. The 
electrocardiogram was continued for 60 to 80 seconds or longer after the injection. 
The record obtained was divided into five-second intervals before and after injec- 
tion and the corresponding heart rates determined. 

Results. 1. Normal animals. In 23 experiments on 9 normal dogs before 
injection of acetylcholine the average heart rate was 105 beats per minute and the 
range was from 78 to 136. The maximal acceleration occurred 10 to 15 seconds 
following injection ai|d the average rate reached a maximum of 251 beats per 
minute at 25 seconds. The individual post-injection maximal rates ranged from 
171 per cent to 392 per cent of the corresponding pre-injection levels, the average 
being 240 per cent. Maximal rates in all but four experiments were reached 
during either the fourth or fifth five-second interval after injection, two were 
reached during the third, and one each during the sixth and seventh. The re- 
sults of these experiments are illustrated in figure 1. The data of this group of 
normals were presented previously in another study (Youmans, Aumann, Haney 
and Wynia, 16). 

2. Sympoihedomized heart In 21 experiments on eight dogs the average heart 
rate increased from a pre-injection level of 83 beats per minute through a maxi- 
mal acceleration at 15 to 20 seconds to a maximum of 171 at 30 seconds. The 
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individual maximal rates ranged from 131 per cent to 324 per cent of the corre- 
sponding pre-injection levels, the average being 221 per cent. The data of these 
experiments are summarized in figure 1. 

3. Sympathectomized heart, adrenals demedullaied. In 11 experiments on four 
dogs the average heart rate increased from a pre-injection value of 88 beats per 
minute through a maximal acceleration at 15 to 20 seconds to a maximum of 181 at 
25 seconds after injection. The individual maximal rates ranged from 162 per 
cent to 296 per cent of the corresponding pre-injection levels, the average being 
218 per cent, These data are included in figure L* In five additional experi- 
ments on four dogs in which nitroglycerine was used as the depressor agent there 
resulted a rise of average heart rate from a pre-injection level of 81 beats per 
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minute through a maximal acceleration at 15 to 20 seconds to a maximum of 
137 at 25 seconds after injection. 

4. Sympathectomized heart, adrenals demedullaied, right vagus cut, left vagus 
intact In eight experiments on three dogs the average pre-injection heart rate 
was 80 per minute. After injection of acetylcholine the average rate rose through 
a maximal acceleration at 10 to 15 seconds to a maximum of 145 per minute at 
35 seconds after injection. The individual maximal rates ranged from 135 per 
cent to 195 per cent of the corresponding pre-injection levels, the average being 
167 per cent. Data on this series of experiments are included in figure 2. 

5. Sympathectomized heart, adrenals demedullaied, left vagus cut, right vagus 
intact In 14 experiments using acetylcholine on four dogs the average heart rate 
rose from a pre-injection level of 88 per minute through a maximal acceleration at 
15 to 20 seconds to a maximum of 135 per minute at 40 seconds after injection of 
the compound. The individual maximal rates ranged from 126 per cent to 238 


516 


H. F. HANEY, A. J. LINDGrRBN AND W, B. YOUMANS 


per cent of the corresponding pre-injection levels, the average being 169 per cent. 
The data are to be found in figure 2. In four additional experiments on four 
dogs in Y^hich nitroglycerine was used as the depressor agent, the average rate 
rose from a pre-injection level of 85 beats per minute through a maximal accelera- 
tion at 10 to 20 seconds to a maximum of 121 at 30 seconds. 

6. Sympaihectomized hearty adrenah demedullated, both vagi cid. In 21 experi- 
ments on 7 dogs using acetylcholine as the depressor agent the average heart rate 
rose from a pre-injection level of 108 per minute through a maximal acceleration 
at 15 to 20 seconds to a maximum of 122 per minute at 30 seconds after injection. 
The individual maximal rates ranged from 110 per cent to 142 per cent of the 
corresponding pre-injection levels, the average being 120 per cent. The data are 
included in figme 1 . In eight additional experiments on four dogs in which nitro- 
glycerine was used as the depressor agent, the average heart rate rose from a pre- 
injection level of 111 per minute through a maximal acceleration at 20 to 25 
seconds to a maximum of 118 at 35 seconds after injection. 

It is interesting to note that in agreement with Youmans et al. (16), the acetyl- 
choline apparently affects ventricular rate more than auricular. Frequently it 
was observed that during the second to fourth five-second intervals partial or 
complete A-V block developed, resulting at times in ventricular asystole for 
several seconds. In such cases the auricular rate was recorded in the data. 

Discussion: The injection of acetylcholine in amounts sufficient to evoke a 
marked but brief cardiac depression results in a profound, short-lasting fall of 
blood pressure. The duration and extent of this hypotension are sufficient to 
evoke reflex activation of those mechanisms which nonnally operate to compen- 
sate for lowered blood pressure, (16). Experiments in which nitroglycerine was 
used as the depressor agent have yielded results qualitatively indistinguishable 
from those obtained with acetylcholine. The degree of acceleration provoked 
by nitroglycerine was somewhat less than that which occurred in response to 
acetylcholine. This difference is readily explained by the fact that the action of 
acetylcholine is thiuugh direct inhibition of the heart followed by a sharp, pro- 
found fall of blood pressure, while the vasodilator action of nitroglycerine causes 
a more gradual development of hypotension. Therefore the reflexes which act 
to compensate for hypotension are activated more intensively in the case of 
acetylcholine than m the case of nitroglycerine. Since the rise of heart rate re- 
sulting from the administration of either of these compounds is almost certainly 
due to the reflexes set up to compensate for hypotension, either of them may be 
used in attempts to activate the vagal cardio-accelerator mechanism. 

In the normal animal, as would be expected, a marked cardiac acceleration 
follows the brief period of inhibition provoked by the acetylcholine. The maxi- 
mal increases in rate ranged from 90 to 304 beats per minute. 

In the dogs whose stellate ganglion and upper five or more thoracic sympathetic 
ganglia have been removed bilaterally, marked acceleration still occurs, the 
maximal increases in rate ranging from 32 to 166 beats per minute. The follow- 
ing possible causes of this acceleration must be considered. First it is possible 
that not all S 3 unpathetic fibers to the heart have been removed and that the rise 
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in heart rate is produced reflejdy through those remaining. The fact that cardiac 
acceleration in response to acetylcholine hypotension is markedly reduced after 
sympathectomy suggests that the effect of the cardiac sympathetica has been 
largely if not entirely abolished. All dogs included were tested for response to 
acetylcholine hypotension after adrenal demedullation and denervation of the 
heart were completed. Only those which failed to show a marked accelerator 
response were included in this data. 

Secondly, the adrenal medullae may respond reflexly with increased output of 
adrenalin. Bilateral demedullation of the adrenals of a dog having a sympa- 
thectomized heart and intact vagi did not decrease the accelerator response to 
acetylcholine hypotension as demonstrated in figure 1. 

Thirdly, it is probable that sympathin liberated at the remaining sympathetic 
nerve endings circulates to the heart and provokes acceleration. Evidence in 
favor of the operation of this mechanism in response to ac^ylcholine hypotension 
has been given by Youmans, Haney, Lindgren and Karstens (17). The cardiac 
acceleration which occurs in response to h 3 T)otension in the adrenal demedul- 
lated, denervated heart animals of part 6 of the results may be attributed reason- 
ably to sympathin. As noted in figure 1 the increase of average rate was only 
14 beats per minute. 

Fourthly, reflex inhibition of tonically active vagal cardio-inhibitory fibers 
might accoimt for at least a part of the acceleration of the heart which occurs in 
response to hjTpotension in the dog having a sympathectomized heart. It will 
be noted in part 3 of the Results that in dogs havii^ sympathectomized hearts 
and demedullated adrenals a rise of 93 beats per minute in average heart rate 
occurred following the injection of the depressor agent. The question arises as 
to how much of tito increase may be attributed to reflex inhibition of the cardio- 
inhibitory fibers of the vagus. This would seem to be answered by the data of 
part 6 of the results illustrated in figure 1 in which the average pre-injection heart 
rate after bilateral vagotomy is only 108 beats per minute, i.e., only 20 beats 
above the restii^ pre-injection rate shown in the data of part 3. It would seem 
that reflex depression of the vagal cardio-inhibitory fibers could not account for 
more acceleration than that which results from section of the nerves, and that it 
may be used to account for only a part of the rise of heart rate which occurs in 
response to hypotension in the animals of part 3 of the results. 

Fifthly, the rdle of non-sympathetic vagal cardio-accelerator fibers must be 
considered as a possible explanation for at least a part of the cardiac acceleration 
which occurs in response to the hypotension produced by acetylcholine or nitro- 
glycerine. In order to test this possibility, as indicated in the results, d(^s were 
prepared as follows. The adrenals were demedullated bilaterally. Following 
recovery from the second demedullation the stellate and upper five or more 
thoracic sympathetic ganglia were removed first on one side and later on the 
other. In such a chronic animal preparation there are three possible explanations 
for the cardiac acceleration which occurs in response to hypotension. The first 
is concerned with reflex depression of the vagal cardio-inhibitory fibers, the second 
with reflexly liberated sympathin and the thiiti with possible accelerator fibers 
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in the vagus nerves. In this animal having no adrenal medullae and a sympa- 
thectomized heart, marked acceleration still occurs in response to hypotension 
produced by acetylcholine or nitroglycerine, the average heart rate in response to 
the former showing a rise of 93 beats per minute. If the vagi now are sectioned, 
the resting heart rate is elevated presumably as a result of the removal of the tonic 
inhibitory influence of the vagi on the heart. Thus the average rate in the ani- 
mals of part 3 is 88 per minute and that of part 6 is 108 per minute, a difference of 
only 20 beats per minute as shown in figure 1. This elevated rate after vagot- 
omy is much lower however than that reached in response to hypotension before 
the vagi were cut. Therefore inhibition of vagal cardio-inhibitory tone can ex- 
plain only a part of the acceleration which occurs in response to acetylcholine 
hypotension. If one adds the 14 beats per minute attributable to sympathin in 
the animals of part 6 of the results to the 20 beats attributable to reflex removal 
of vagal cardio-inhibitory tone, the result is tlie maximum increase which can be 
attributed to these two, i.e., 34 beats per minute. Yet the adrenal demeduUated, 
sympathectomized heart animals with both vagi intact show a rise of 93 beats 
per minute. It seems probable that the difference of 59 beats per minute may 
be attributed to vagal cardio-accelerator fibers. 

Following bilateral vagotomy of the adrenal demeduUated, cardiac sympa- 
thectomized dog, the heart still is accelerated in response to hypotension pro- 
duced by acetylcholine or nitroglycerine, the maximal rise of average rate 
being only 14 beats per minute as indicated in part 6 of results and in figure 1. 
This acceleration however is much lower than that which occurs in response to 
the same doses of the depressor agents before vagotomy. As far as sympathin is 
concerned, it should not enter into the picture differently before than after 
vagotomy unless it may be assumed that following a dose of the depressor agent 
the blood pressure remains low for a longer period of time in the animals after 
vagotomy than before. This possibility is incident to the removal by vagotomy 
of cardio-accelerator fibers and of the factor of reflex depression of vagal inhibi- 
tory tone. Such a possible difference in the r61e of sympathin obviously does 
not help to explain the fact that there is a greater accelerator response to hypo- 
tension before than after vagotomy. It seems certain then that reflex liberation 
of sympathin fails to account for the cardiac acceleration which occurs in these 
experiments. 

Neither reflex depression of vagal cardio-inhibitory tone nor reflex liberation 
of sympathin will explain the major part of the increase of heart rate which occurs 
in response to acetylcholine or nitroglycerine hypotension in the adrenal de- 
medullated, cardiac sympathectomized animal. It is clear that vagal cardio- 
accelerator fibers could readily account for the greater part of the acceleration. 

It seems reasonable to expect that the terminal distribution of cardio-accelera- 
tor fibers in the vagus nerves might correspond with that of the inhibitory fibers, 
i.e., those of the right vagus predominantly to the S-A node and those of the left 
to the A-V nodal region. The experiments of Kabat (11) in which accelerator 
effects were obtained principally from the right vagus led to the conclusion that 
the vagal cardio-accelerator fibers are located predominantly in the right vagus. 
As indicated by the data presented in figure 2, our results lend no support to this 



VAGAL CARDIO-ACCELEBATOR FIBERS 


519 


conclusion. The rise of average heart rate in adrenal demedullated, cardiac 
sympathectomized animals having the left vagus intact was 65 beats per minute 
while in those having the right vagus it was 47. 

A knowledge of the degree to which vagal cardio-accelerator fibers are re- 
sponsible for the acceleration of the heart which occurs in response to hjnpoten- 
sion in the normal animal is desirable. It would seem that a comparison of the 
degree of acceleration in response to hypotension in the adrenal demedullated 
cardiac sympathectomized animal with that which occurs in the adrenal de- 
medullated vagotomized animal having intact sympathetics might be of aid in 
settling the point. This comparison, however, is complicated by the fact that 
in the former animal both reflex inhibition of vagal cardio-inhibitory tone and 
reflex liberation of sympathin at extracardiac sympathetic nerve endings as well 
as the vagal cardio-accelerators must be considered. In the latter animal the 
comparison also is complicated by the fact that consideration must be given to 
reflexly liberated sympathin from extra-cardiac sympathetic nerve endings as 
well as to the direct effect of cardiac sympathetics. 

Thus it would appear that any generalization regarding the relative importance 
of vagal cardio-accelerator fibers must be based on the facts that the adrenal 
demedullated cardiac sympathectomized animal responds to acetylcholine or 
nitroglycerine hypotension with a much greater acceleration of the heart before 
than after vagotomy, and that neither reflex depression of the vagal cardio-in- 
hibitory tone nor reflexly liberated sympathin accounts for all of this difference 
in response. 

The possibility must be considered that acetylcholine may directly stimulate 
sympathetic ganglion cells which were not destroyed by the cardiac sympa- 
thectomy. Such ganglion cells might possibly be located in cervical ganglia. 
Theii? axones could reach the heart through the vagal trunks. If this mechanism 
were to explain the part of the acceleration not accounted for by depression of 
vagal cardio-inhibitory tone and sympathin, it follows that the acceleration 
provoked by nitroglycerine should not be greater than that so accounted for. 
Nitroglycerine administration is followed by a rise of 56 beats per minute in the 
animals of part 3 of the results, and by a rise of 7 beats per minute in those of 
part 6. Thus the difference in .response before and after vagotomy is 49 beats 
per minute. As noted previously, the results indicate that only 34 beats per 
minute are attributable to the combined influence of reflex depression of vagal 
inhibitory tonus and of sympathin. There remains to be accounted for 15 beats 
per minute. Since nitroglycerine is not known to stimulate ganglion cells, it is 
probable that reflex stimulation of vagal cardio-accelerator fibers accounts for a 
part of the increase of heart rate which follows nitroglycerine administration. 

Another source of acceleration to be considered concerns a possible pharma- 
cologic action of acetylcholine directly on the heart or upon ganglion cells in the 
heart. This action should not be destroyed by vagotomy and therefore could 
not account for the great difference in accelerator response of the animals before 
and after vagotomy. Further studies on the possibility of such a direct action 
are in progress. 

The evidence presented favors the presence of vagal cardio-accelerator fibers 
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which are excited in response to hypotension in the unanesthetized, cardiac 
sympathectomized, adrenal-demedullated dog. It is reasonable to assume that 
such fibers play a r 61 e in the cardiac acceleration which occurs in response to 
lowered blood pressure in the normal animal. 

SXJMMARY 

Arterial hypotension induced by either acetylcholine or nitroglycerine provokes 
a marked acceleration of the heart in the normal unanesthetized dog. Cardiac 
sympathectomy and adrenal demeduUation reduce but do not abolish the re- 
sponse. The consideration of neither reflexly liberated sympathin nor reflex 
depression of vagal cardio-inhibitory tone is capable of accounting entirely for the 
acceleration which occurs in response to hypotension in unanesthetized, adrenal- 
demedullated, cardiac sympathectomized dogs. A reflex excitation of cardio- 
accelerator fibers of both vagus nerves readily explains the acceleration. 
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As judged from the period of the standing wave, Moens (1) in 1878 concluded 
that the velocity of a pressure pulse wave throi^h an elastic tube was related to 
the elastic properties of the wall of the tube and to the density of the fluid medium. 
By making several critical assumptions, the most significant being that the modu- 
lus of elasticity be constant, the thickness of the wall be neglibible as compared 
to- the internal diameter of the tube, and the pressure wave generated be small, 
he set up the formula: 

Up = K\/ gEafwd (I) 

in which Up is the pulse wave velocity in meters per second,* g, the gravitational 
constant; E, Young’s modulus for the wall of the tube, in grams per square centi- 
meter; o, the thickness of the wall in centimeters; to, the density of the fluid in 
grams per cubic centimeter; and d, the internal diameter of the tube, in centi- 
meters. On the basis of his experiments with various elastic tubes, he gave the 
constant the value of 0.9. 

Moens also made some attempt to apply his formula to physiological systems. 
He first showed that values for pulse wave velocity derived from the elastic 
modulus of an arterial segment were of the same order as those given in the 
literature for the living animal. When the actual velocity of a pulse wave 
throi^ a length of intestine or aorta was compared with the derived velocity, 
agreement was good, although not strictly quantitative. 

Meanwhile Korteweg (2) had constructed, on theoretical grounds, an equation 
which should predict the propagation of a wave w'hose speed is governed by the 
lateral displacement of the walls of an elastic tube, assuming any longitudinal 
stretch to be negligible. His formula differs from that of Moens only in the ab- 
sence of the constant. 

In 1922 Bramwell and Hill (3) applied the Korteweg formula, which they at- 
tributed to Moens (see 4), to their studies on the velocity of the arterial pulse. 
For simplicity, the density of blood was assumed to be constant at 1.055, and the 
thickness of the wall was neglected. They then showed that the elastic modulus 
could be expressed in terms of the volume and pressure change by; 

E/d — ApF/Ai) 

When the units of pressure are changed to mm. B^, the Kortew^ formula then 
becomes: 

Up = 0.357 /VApU/Aj; ai) 

1 The expenses of this investigation were partly defrayed by a grant from the American 
Medical Association. 
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in which Ap was the increment in pressure in millimeters of Hg corresponding to 
At?, the increment in volume in cubic centimeters starting from F, the initial 
volume of the tube. 

When the formula was applied to the tension-length figures given by Roy (5) 
for arterial segments, the calculated pulse wave velocity was found to be con- 
stant for diastolic pressures between 20 and about 60 mm. Hg, after which the 
velocity increased as the pressure was increased. A similar relationship between 
velocity and diastolic pressure was found when artificial waves were generated 
in a length of human carotid artery filled with mercury. 

The next year (6), with refined apparatus, they re-established the relation be- 
tween the velocity of generated pressure waves in a carotid segment and the 
diastolic pressure. These observers had little more success than Moens in es- 
tablishing quantitative accord beWeen the obsexwed velocities and those calcu- 
lated from the tension-length curves, but since the observed and predicted curves 
were of the same form, they believed that the formula would predict the pulse 
wave velocity if corrected for the stream velocity. The viscous drag of the 
arterial wall when subjected to a stretch as rapid as that occurring in the body, 
was suggested as a factor which might cover any discrepancy which still existed 
between calculated and observed values. 

Little (7) found satisfactory agreement between measured transmission ve- 
locities in a very long rubber tube and those calculated from the stretch charac- 
teristics of the wall. Further, Hallock and Benson (8) obtained good agreement 
between predicted and actual velocities of an artificial pulse wave in a length of 
aorta. This accord was reached, however, only when stream velocity and vis- 
cous action of the aorta were corrected for by assumed constants. 

It should be recognized that physiological systems violate the fundamental 
assumptions on which are based the classical equations relating distensibility to 
pulse wave velocity. Arterial pulsations are too large, the wall too thick and 
the tension-length curve of vascular tissue is not linear. It is not surprising, 
therefore, that the correlation between pulse wave velocity as actually measured 
and as calculated from distensibility measurements, is, to say the least, only quali- 
tative. Yet it is on such an insecure basis that attempts have been made (9, 10) 
to predict the cardiac stroke volume from the pulse pressure and a distensibility 
figure derived from the pulse wave velocity. We therefore decided to restudy 
the relation between pulse vrave velocity and the elastic properties of the tube, 
starting with a system similar to that used by Moens, i.e., a length of Gooch 
tubing, and ending with an analysis of the propagation velocity of pressure pulses 
experimentally developed in the aorta, 

I. The velocity of pressure pulses generated in a length of Gooch tubing. The 
Gooch tubing was selected to satisfy as closely as possible the assumptions of 
Moens. It had an internal diameter of 15.3 mm. and a wall thickness of 0.8 
mm.- More important, in the range of tension employed, the coefficient of 
elasticity was constant, so that the half-circumference of a 10mm. length gained 0.8 
mm. with every 50 grams increase in tension (fig. 1). When tension is converted 
to internal pressure, and half-circumference to internal volume, the pressure- 
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volume relationship is, of course, no longer linear (fig. 1), Since the Bramwell 
and Hill formula states that the wave velocity will depend inversely on relative 
increase in volume per unit pressure rise, it is obvious that the velocity in this 
rubber system should decrease as the diastolic pressure is increased (fig, 1). 

To follow the transfoimation of a generated pulse wave as it was propagated 
through various lengths of Gooch tubing, at least two, and usually three, optical 
manometers of adequate frequency were connected to needles, placed at the 
ends of the tube and at various points between the ends. Fluid was injected into 
one end from a burette imder air pressure, so that a known amount could be 
delivered very rapidly. A desired basal (diastolic) pressure level was established 
by an elevated reservoir bottle, connected into the injection system by a double 
stopcock. Pressure waves were also generated by means of a wooden '‘nut 
cracker,” placed between the reservoir bottle and the Gooch tube, so that a 
length of heavy-walled rubber tubing could be rapidly compressed. By using a 




Fig- 1. The change in half -circumference with tension, internal volume with pressure, 
and calculated pulse wave velocity with pressure, for a length of Gooch tubing. 


different number of adjacent compression levers, the volume and speed of the in- 
jection could be controlled. Turbulence was minimized by the use of 1:4 
dilution of "Cellosize”,^ which served as the fluid medium in Gooch tube, reser- 
voir bottle and pressure burette. 

A graphic illustration of the transfoimation of a pressure wave as it is propa- 
gated through the Gooch tube was obtained by the use of a tube 150 cm. in length, 
with the recording sounds placed near the ends at a separation of 146 cm., and also 
in the center of the tube (fig. 2). A short wave was produced, one whose length 
was but a fraction of tmce the tube length, so that the course in transmission 
w'as uncomplicated by fusion of its parts. 

For example, a wave was generated at the orifice end of the tube which showed 
a pressure rise from an initial level of 45 mm. Hg to 75 mm, Hg (fig, 2). The 

2 We are indebted to Mr. C. A. Setterstrom of the Carbide and Carbon Chemicals Cor- 
poration for the supply of “Cellosize’’ used in these exeriments. 
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wave was 130 m.sec. in duration (from foot to the final return to initial level). 
Since the average propagation time of the wave was 208 m.sec., the wave 
length was 130/208 or 0.62 of the tube length. 

The foot of the wave traversed the tube in 161 m.sec. and was therefore 
travelling at a velocity of 9 M. per see. This velocity was uniform for the 
whole I ftng t.h of the tube. The peak of the pressure wave travelled at the slower 
rate of 7 M. per sec., which velocity was also uniform along the tube. The “tail” 
of the wave had still another speed (4.6 M. per sec.). The differences in veloci- 
ties produced a rather rapid lengthening of the wave, so that by the time it had 
completed its first trip it was 1.19 X the tube length. The wave was not sym- 



Fig. 2. The transformation of a propagated pressure wave in transit through a length of 
Gooch tubing. A, a short wave, less than twice the tube in length. B, a longer wave, 
greater than twice the tube in length. 0, the record taken at the orifice end of the tube; 
M, taken at the mid-point of the tube; and D, taken at the distal end of the tube. 

metrical at this time, for while the foot-to-peak phase was 0.46 of the tube length, 
the peak-to-tail phase was 0.73 of the tube length. 

On its second trip through the tube, the foot of the wave moved at a velocity 
of 7.2 M.per sec., the peak at 6.5 M. per see., and the tail at 5.0 M. per sec. At 
the completion of this trip, the wave length had increased to 1.40 X the tube 
length, with the asymmetry more pronounced. By the time of the fourth trip 
through the tube, the peak had reached a constant velocity of 6.2 M. per sec. 
The expected wave length was 2.12 X the tube length, which means that the foot- 
was encroaching upon the tail. S 3 rmmetrical oscillations of the standing wave 
were not obtained until the sixth trip through the tube, when the foot had over- 
run the tail to the point at which the propagated wave had become symmetrical. 

Several crucial facts are apparent from this analysis. First, the velocity of the 
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foot was always significantly greater than that of the peak of the wave. This 
has been substantiated by the analysis of a great number of pulses generated in 
various lengths of tubing. Second, the time interval between the successive 
arrivals of the peak of the propagated wave at the end of the tube, increased pro- 
gressively imtil a constant value was reached, which period was then maintained 
until all waves had been damped out. Third, the transmission time of the foot 
of the wave gives no index to this constant period of the standing wave. Fourth, 
the propagated wave was not symmetrical as it was generated, and symmetry 
was attained only because the velocities of the wave parts were different so that 
the foot would over-run the preceding tail. Fifth, as the propagated wave be- 
came progressively longer, pressure oscillations at the middle of the tube become 
ever smaller, until, by the time the S3nmnetrical standing wave has been de- 
veloped, a ^^node” had been established with the complete elimination of pressure 
oscillations at the center of the tube. 

Having established the fact that the wave form is changed in its transmission, 
the question- then arises as to what factors govern the velocity with which the 
various parts of the wave will be propagated. • The explanation offered by Bram- 
well (12) is that each velocity will be dependent upon the stretch characteristics 
of the wall obtaining at the related volume level. The velocity of the peak of a 
wave, for example, would be the same as if the peak were the foot of a new 
wave rising from the peak pressure level. Attractive as this concept is, it does 
not fit the data obtained in our experiments. If true, the velocity of the peak of 
the wave, and hence the period of the standing wave, shotild be influenced by the 
pulse pressure developed. Actually it was found that neither the velocity of the 
foot of a wave nor the period of the standing wave is significantly altered by 
changing the size of the pressure wave generated, and both are referable solely to 
the initial pressure volume level. For instance, when a positive and a negative 
wave were generated separately at the same initial pressure, both the velocity of 
the foot and the period of the standing wave were the same. All parte of the 
wave train seem dependent only upon the initial pressure volume relations. 

On the other hand, when a series of waves, produced in a tube 21 cm. in length, 
were grouped according to the speed of the initial pressure rise, a significant corre- 
lation was revealed between the rate of pressure rise and the velocity of the pulse 
wave foot (table 1). This statement is not contradictory to the previous one 
that the propagation time was independent of the size of the pressure pulse. A 
small wave was propagated at the same rate as a very large one if the rates of first 
pressure development (upstroke of curve) of the two were the same. 

The period of the standing wave proved independent of the rate of pressure 
rise, but the interval of time elapsing before a constant period was reached was 
affected. The more rapid the velocity of the foot, the greater number of trips 
required before a constant value was reached. It seemed, then, that the velocity' 
of the foot must be measuring a reluctance of the wall to stretch, a ^^viscous ac- 
tion” or ^ ^hysteresis,” which would be changed by differences in the rate of ten- 
sion development. 
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IL Measurement of the tension-length characteristics of the Gooch tubing. The 
tension-length figures already cited were obtained with a Scott serigraph,^ in 
which tension was progressively increased by a change in angulation of a track 
carrying a weighted carriage. Tension was developed from 0 to 500 grams at a 
uniform rate in one minute. In some cases, when longer lengths of tubing were 
being stretched, the carriage was weighted with 1,000 grams rather than 500 
grams, so that tension levels equal to at least 300 mm. Hg internal pressure could 
be developed. The degree of stretch was recorded, without magnification, by a 
pen mounted on the carriage. 

When the velocity of the pulse wave was derived from the tension-length line 
so obtained, it was found that its value was always less than those actually ob- 
served for the transmission of the foot of the wave. The calculated velocity 
was, however, quite similar to the final, constant velocity reached by the peak of 
the wave, which also is a measure of the period of the standing wave. In the 150 
cm. tube, for example, the calculated velocity was 6.3 M. per sec., as compared 
with the final velocity of the propagated peak of 6.2 M. per sec. 

In no system was agreement exact. It was foimd that the Bramwell and 
Hill formula (II) requires a constant, just as Moens found a constant necessary, 
if the period of the standing wave is to be predicted from the tension-length char- 
acteristic of the wall. The values of this constant differ with different tubes, but 
have varied from 0.88 to 0.97. Using a value of 0.9, as did Moens, the standing 
wave period can be predicted by 

Vp = 0.9 X 0.357/\/aVVAp = 0.32/v'A!;/7Ap (III) 

Since it was indicated that the acceleration of the foot of the wave might be due 
to a hysteresis with more rapid stretch, another apparatus was designed which 
would allow the recording of length and tension while tension was being de- 
veloped at varied and rapid rates. The ring to be stretched was hung upon two 
brass pins, p, which were supported by vertical strings from an overhead wooden 
support. One of these pins was connected by means of fine fishing cord to a 
short stub of piano wire held in a rigid brass mount. This wire served as a stiff 
spring, bending through a small angle w^hen tension was applied. At its end was 
placed a mirror, m, so that the deflections of the spring could be recorded opti- 
cally. (See fig. 3.) 

The other supporting pin was connected, again with fishing cord, horizontally 
to a pendulum, P, constructed from a meter stick to which weights could be 
bolted at any desired distance from the pivot point. Hence the total tension 
developed and the period df the pendulum could be varied at will. 

On the right hand pin was hung a thin brass shield, s, behind which was placed 
a large front-surface mirror, ilf, so that the shadow of the edge of the shield was 

3 This instrument was lent to us by Dr. Joseph Krafka of the Department of Microscopic 
Anatomy , for which loan we wish to express our appreciation. More details as to the struc- 
ture of the apparatus and as to the stretch records it registers will be found in Dr. Krafka’s 
article on the stretch characteristics of the aorta (11) . 
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thrown upon the camera slit. As the ring was stretched, the movement of this 
shield to the right could be optically recorded. The magnification Avas 1.8 X . 

The pendulum was swung off plumb for the desired distance, and supported 
by a trigger. The cord to the pin holding the ring was then fastened without 
sag, and with an initial positive tension which could be varied from a very low 
figure to values corresponding to various “diastolic^^ pressures. Upon release of 
the trigger, the ring was subjected to periodic stretches as the pendulum swung 
down and returned. The speed of tension development could be varied at will 
from 0.1 to 5—10 grams per m.sec. When a greater speed was desired, a stiff 
spring was bolted to the end of the meter stick, and secured, at its other end, in a 
rigid clamp. The action of the spring thus shortened the period of the pendulum. 

WTien a length of Gooch tubing was subjected to very rapid stretches, hys- 
teresis loops were obtained, with tension increasing more rapidly in relation to 
stretch as the rate of tension development was increased (fig. 4). With rates 



Fig. 3, Diagram of a device to register the tension and stretch of elastic material while the 
tension is being quickly increased . For explanation see text . 

corresponding to a rise of 1.3 mm, Hg in pressure per m.sec., or less, the extensi- 
bility was significantly different from that obtained with the slow Scott serigraph 
only in a bowing up at the very start of the curve. As the pressure increase was 
made ever more rapid, this bow occupied a greater and greater part of the curve, 
and the extensibility over the w^hole range from 0 to 500 grams tension was less 
than with the slow tester. This hysteresis Avas found regardless of thabasal tension 
level which obtained prior to the stretch, li the tension-length values for this 
series of curves are converted to pressure-volume, and tangents taken at the first 
part of the curve with a tangent meter, it is found that the greater the bowing in 
the tension-length curve away from the straight line characterizing a slowly 
developed stretch, the faster is the pulse wave velocity as calculated by equation 
III. In fact, velocities so derived from the first part of the rapid stretch curve 
show quantitative agreement with those determined experimentally for the 
propagation time of the foot of a pulse wave (table 1). 

Curiously enough, when repeated stretches were made, Avith only a short rest 
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period between (10 to 250 m.sec.), and with the same rate of tension develop- 
ment with each stretch, the extensibility curves were not the same (fig. 5). 
With each succeeding stretch, the curve approached the straight line relationship 
derived from a slowly developed stretch, so that shortly the two curves were 
identical except for the persistence of a slight bow at the very start of the curve. 
It is as though the first stretch had “lubricated’’ the rubber, so that following 
stretches were more easily developed. 



Fig. 4 Fig. 5 

Fig. 4. The influence of the rate of stretch upon the extensibility of Gooch tubing. 
8, the extensibility curve given by a slowly developed stretch (Scott serigraph); the other 
curves show the extensibility when tension was applied at the rate of 1.5, 3 and 5 grams/m. 
sec. respectively. 

Fig. 5. Change in extensibility curve upon repeated rapid stretching. Sj the extensi- 
bility curve developed by a slow stretch (Scott serigraph) . I , the first extensibility curve ; 

the second curve, made at the same rate of tension rise, and starting immediately upon 
the completion of the first cycle of stretch and return to zero tension. 

It is also apparent from figure 5 that the recovery of the wall from a rapidly 
developed stretch does not follow the same curve taken by the extension. This 
recoil curve differs from the stretch curve, in that it is less vertical as it approaches 
initial tension than was the beginning of the stretch curve. With successive 
stretches, the recoil curve also shifts, first beyond the straight line of the slow 
stretch, and then back to it. 

Velocities calculated by equation III from tangent values at the very comple- 
tion of the recoil curves are quantitatively similar to those determined for the 
“tail” of a propagated wave. Further, the progressive shift in the stretch and 
recoil curves with repeated stretches will also quantitatively explain the gradual 
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change in the velocity of the foot and tail of a wave, as it makes repeated trips 
through the Gooch tube, and hence subjects the wall to repeated stretches. It 
seems more than coincidence that the velocity of the peak of a wave will reach a 
constant and predictable velocity in the same number of trips through the tube, 
as is required of successive stretches for a quick stretch curve to lie on the straight 
line slow stretch record. 

In summary, it seems that the velocities of the various parts of a propagated 
wave are diifferent because of a hysteresis of the tube wall with a rapidly de- 
veloped stretch and rapidly occurring recoil. The more rapid the pressure rise 
in a generated pulse, the greater will be the discrepancy between the velocity of 
the foot, peak and tail of that wave. If the wave is very slowly developed, then, 
all parts should be propagated at nearly the same velocity. The difficulty in 
reading the actual first pressure rise in such a slowly developing pressure wave 

TABLE 1 


Velocities of a 'pressure wave and the period of the standing wave in a Gooch tube of M cm, 
length j as related to the rate of pressure development 
(Diastolic pressure constant at 50 mm. Hg) 


NUMBER OR PUESES 

AVE, RATE OF 
PRESSURE 
DEVELOPMENT 

AVE. TRANSMISSION 
TIME, WAVE FOOT 

1 

AVE. STANDING WAVE 
HAIF-PERIOD 

PREDICTED* TRANS. 
TIME, WAVE FOOT 


mm.. Es/m.s€C 

m.sec. 

m.sec. 

in.sec. 

9 

0.5 

30.0 

37.3 

30.0 

9 

0.8 

28.2 

35.6 

29.0 

9 

1.2 

28.5 

36.4 

30.2 

9 

1.6 1 

28.4 

39.2 

27.6 

9 

2.5 

24.6 

38.4 

24.7 

9 


22.0 

37.2 

23.8 

9 

5.0 

18.0 

38.0 

19.1 


* The predicted transmission time, using formula III, from the slowly developed extensi- 
bility curve of the wall of the tube, -was 35.6 m. sec., which agrees well with the half -standing 
wave period. The predicted transmission times given above were derived by formula III 
from the respective extensibility curves at the corresponding rates of tension increase. 

prevents the exact proof of this statement, but the data clearly indicates its 
likelihood. With such a slowly developed wave, a symmetrical standing wave 
would be developed only if the wave generated happened to have a length twice 
that of the tube. With faster rising pulses, the differences in velocities of the 
various parts cause a lengthening of the wave until it reaches a value of twice 
that of the tube. The number of trips through the tube that are required before 
this symmetrical standing wave is established will depend upon the length of the 
pressure wave generated, and the rate at which pressure Wjas developed. 

Because the stretch and recoil curves, upon repeated stretches, come to the 
straight line relationship obtained with a slowly developed stretch, the velocity 
of the peak of the propagated wave, once it has reached a constant value, should 
be predictable from this slow stretch line by the use of equation III, Experi- 
mental data show this to be true* So long as the hysteresis loop is^ present, the 
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velocity of the foot of the wave cannot be predicted from the slow stretch line. 
Nor is the initial velocity of the foot an index to the period of the standing wave 
which later will be developed. , 

III. The pulse wane velocity in the living dog. The transmission times of normal 
pulse waves (timing from the point of first pressure rise) have been ascertained, 
from the ascending aorta to the fork of the iliacs, in animals whose diastolic 
pressure values have been varied from 20 to 170 mm. Hg through injections of 
epinephrine or acetylcholine. The correlation between these transmission times 
and diastolic pressure for a representative animal is shown in figure 6. 
While the relationship shows a slight curve, the deviation from a straight line is 
nowhere pronounced. If these transmission times are converted to pulse wave 
velocities, the derived curve is qualitatively similar to those published by Bram- 
well and Hill (3) and by Steele (13), differing however in the amount of curva- 
ture exhibited in different pressure ranges. Such variations are not surprising 
in view of the variety of arteries represented in the three studies. Our measure- 
ments indicate that the relationships are generally not the same for all parts of 
the aorta. The thoracic aorta does show a fairly constant pulse wave velocity 
at low diastolic pressure levels, while the abdominal aorta does not. When 
the wave has progressed through the whole length of the aorta, however, this 
effect of the thoracic aorta has been largely lost. 

W. The velocity and contour changes of artificially generated pulse vxwes in the 
dog aorta. Immediately upon sacrifice of the dog, the aorta was exposed by 
evisceration, and all arterial branches tied off but wherever possible left intact. 
Hence the aorta was left in situ as a blind sac, terminating at the fork of the 
iliacs, with a very slow drainage. Injection pulses were made into this sac 
through a large glass cannula tied into the root of the ascending aorta. The 
tubing connections in the line of flow from the pressute burette were carefully 
selected not to present constriction which might cause turbulence. 

Artificial waves generated in this system diowed the same quantitative rela- 
tion (crosses, fig. 6) between the velocity of the foot of the wave and the diastolic 
pressure level, as did normal heart pulses. Hence the characteristics of the 
system had not been significantly changed in this respect by the death of the 
animal. Further, it indicated that the stream velocity did not accelerate the 
natural pulse wave velocity sufficiently to make it greater than the random error 
of observation between various waves. 

A striking simiiarity between the transformation of a pressure wave with re- 
peated trips through the Gooch tube and through the aorta is apparent (fig. 7). 
Both systems show a difference between the transmission time of the foot and 
the peak of a propagated wave. Both show a progressive dowing of the 
peak velocity to a constant figure, which value also establishes the period of the 
standing wave. In both, the attainment of a symmetrical standing wave oc- 
curred after the transformation of the propagated wave into one whose length 
was twice that of the tube. In both, this symmetrical wave was developed only 
after the foot of the oncoming wave had over-run the lagging tail of the preced- 
ing wave. In both, the velocity of foot and peak proved independent of the size 
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of the pressure wave generated. The differences between the two systems were: 
Ij the foot velocity of the aorta, on its finst trip, proved largely independent of the 
rate of pressure development (table 2); 2, a constant velocity of the peak of the 
wave was attained more rapidly in the aorta, and a symmetrical standing wave 
was often developed after three or four trips of the propagated wave; 3, the 



artificial pulses, made from a pressure burette, into the tied off aorta, post mortem, left in 
situ. The plotted curve represents transmission times calculated from the tension-length 
relations for the rings of the aorta, as developed by a slow stretch, using formula III. 


velocity of the tail of the wave was relatively slower than with the Gooch tube; , 

so much so in fact, that the identification of a distinct end of the wave was often ; 

impossible. This greatly retarded tail was most noticeable in the ascending < 
aorta, least in the abdominal aorta. Hence the top of the aorta was never free of i 

a pressure wave from the time of the first pressure rise, so that the passage back | 

and forth of the propagated wave could be followed only with dfficulty. These | 
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facts serve to emphasize the fact that the aorta is not a homogeneous elastic 
system, and that the step-wise transformation in form of the parts of the pulse 
wave cannot be easily predicted, 

V* The measurement of the elastic 'properties of the aorta. The aorta was meas- 
ured in situ from the aortic valves to the fork of the iliacs, determining the dis- 
tance between such landmarks as the renal, segmental and mesenteric arteries. 
After removal from the body as a single unit, the aorta was remeasured. It was 
assumed that the longitudinal relaxation did not affect the stretch characteristics 
of the circular fibers. Actual observations indicate that while this assumption 
is not strictly valid, the error involved is not large. For the calculation of 
volume-pressure relations, therefore, the in situ rather than the relaxed length 
is used. 




Fig. 7. The transformation of an artificial pressure wave in transit through a dog aorta, 
0, record taken from the ascending aorta, near injector cannula; ilf , record from the lower 
thoracic aorta; D, record from the abdominal aorta just above the iliacs. 

The excised aorta was then cut serially into rings of 10 mm. length, each ring 
being subjected to tension separately. Half-circumference values were con- 
verted into internal volumes, and the tension calculated to units of internal 
pressure. The pressure-volume relations so obtained were plotted and the slopes 
of this curve at different pressure levels determined by means of a tangent meter. 
From these tangents, by means of formula III, the expected wave velocities were 
derived. The volume of, and the transmission time for, the whole aorta were 
then obtained by the additiqn of the values for the separate segments. 

Reference to figure 6 shows that both a qualitative and quantitative dis- 
crepancy exists between the predicted curve for the pulse wave velocity and that 
showing the velocity of natural and artificial pulses. At diastolic pressure levels 
over 70 mm. Hg, the difference appears quantitative only, and can be corrected 
by the substitution of a constant of 0.6-0.7 for the Moens factor of 0.9. Below a 
diastolic pressure of 70 mm. Hg, the difference seems to be qualitative as well. 

Likewise, within diastolic pressure levels of 70 and 150 mm. Hg, the final con- 
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stant velocity of the peak of an artificially generated pulse wave in the aorta 
could be reasonably predicted from the slow stretch curve for the wall for formula 
III, but below 60-70 mm. Hg, such predictions were in error. 

As with the Gooch tube, the stretch characteristics of the aortic rings at differ- 
ent rates of tension development were obtained. Several points of interest were 
revealed. First, the tension-length curve of the aorta was modified but little by 
changes in the rate of application of tension within the limits corresponding to 
0.2 and 10 nom. Hg per m.sec. While these curves did not differ significantly 
from each other, they were uniformly of a different form from that shown when 

TABLE 2 

The independence of the velocity of an artificial pulse and the rate of pressure rise in an aortas 
with branches tied off, but left in situ 
^iastolic pressure constant at 65 nun. Hg) 


NUMBER OP PULSES 

AVE. SATE OP PRESSURE 
DEVELOPMENT 

AVE. TRANSMISSION TIME 

AVE. STANDING WAVE HALP- 
PERIOD 


mm. Hslm.sec. 

m.sec. 

m.S6C. 

7 

0.6 

42.1 

58.8 

8 

1.2 

41.5 

60.0 

8 

1.8 

40.4 

I 58.2 

7 

2.8 

42.8 

1 61.2 

6 

5.5 

41.5 

60.1 ^ 

5 

8,7 

40.3 

57.0 

Mean 

41.4 

50.2 



Fig. 8. The effect of rapid stretching upon the extensibility curves of rings taken from the 
arch, thoracic and abdominal portions of the dog aorta. 

the aorta was stretched slowly by the Scott serigraph (fig. 8). As with the rub- 
ber, a conspicuous bowing was present at the beginning of the stretch curve, and, 
as with the rubber; pulse wave velocities calculated on the basis of the first part 
of this rapid stretch curve by means of formula III adequately explain the ac- 
celerated velocity of the foot of a propagated wave. How slow the rate of ten- 
sion development would have to be to have the slow and rapid stretch curves 
merge was undetermined — ^at least the necessary rate is too slow to be of physio- 
logical importance. , 

As with the rubber, repeated rapid stretches, even though the rate of tension 
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development remained unchanged, modified the stretch curve so that it soon be- 
came identical with that shown when the aorta was stretched slowly. The recoil 
curve, however, remained qualitatively different throughout many stretches. 
More so than with the rubber, the aortic wall showed a reluctance to assume its 
original diameter. Velociti^ predicted from this sluggish return would indicate 
a very slow “taiP* of the wave, a finding already noted for the artificially gene- 
rated waves. 

Since the distensibility curve is not modified greatly by the rate of tension 
development, the Bramwell-Hill formula can be modified so that it will predict 
the velocity of the foot of the wave by use of a constant of the order of 0.6 to 
0.7. As pointed out previously, however, such a correction would be valid only 
when the diastolic pressure was over 70 mm. Hg. 

Discussion. A review of the experiments previously published in which 
agreement between the velocity of the foot of a propagated wave and the elastic 
properties of the wall was established, reveals that in most cases mercury was used 
as the fluid medium. Since the transmission time is appreciably longer when 
mercury is used, it can be measured more readily. While it should be possible 
to produce a pressure wave at the same rate of speed with mercury as with water 
as the medium, the practical difficulty would be considerable. A slower rate of 
tension development than those used here, which were chosen to be comparable 
to the pressure rise in the living animal, would render smaller the discrepancy be- 
tween observed foot velocity and that predicted by the Moens formula, and also 
the discrepancy between foot velocity and the period of the standing wave. 

It is realized, too, that the aorta is not a homogeneous system throughout its 
length. More consistent results might have been obtained with but a short 
segment of the aorta, e.g. the thoracic aorta. Since even the whole length of the 
aorta is but a part of the Windkessel, any modification for purpose of stroke 
volume determination should be toward the inclusion of arterial branches, with a 
more heterogeneous system, rather than a restriction to a single part. 

Little, however, has obtained agreement between the velocity of the foot of a 
pressure pulse and the predicted velocity in a homogeneous rubber tube filled 
with mercury. The fact that this tube was extremely long presents another 
problem. As a wave is propagated through a tube, a part of the total energy is 
being continually lost as heat, i.e. damping. This energy loss will be reflected by 
a progressive low^ering of the peak pressure value, such as has been consistently 
seen in the records reported. Decrease in the pressure height without a change 
in the wave length would be equivalent to a progressive decrease in the rate of 
pressure development, which would, in turn, make the distensibility curve 
more and more similar to that found with the slow Scott serigraph. If the tube 
were long enough (Little used 50 ft.), the foot and peak would presumably be 
moving at the same speed as they neared the end of the tube, and at a velocity 
which could be predicted from a slowly developed tension-length line. 

SUMMARY 

1. When a short w^ave is generated in either the aorta or in a length of Gooch 
tubing, the start or foot of the wave is transmitted at a high velocity, the peak 
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of the wave at a slower velocity, and the “tail"’ of the wave at a velocity slower 
still. These relationships continue as the wave is reflected back and forth be- 
tween the ends of the tube. 

2. None of these velocities can be calculated by the classical formulae from the 
tension-length relations which are shown when circular rings of the tube are 
stretched slowly. If the stretch is made rapidly, there is enough viscous resist- 
ance to elongation to account quantitatively for the rapid propagation of the 
initial parts of the pulse wave, and enough viscous interference with recoil to 
account quantitatively for the retarded velocity of its later parts. 

3. The fact that the initial foot of the pulse wave travels faster than the peak 
and the later parts of the wave, means that there will be a progressive lengthening 
of the wave as it is propagated through the tube, the initial parts begin to overlap 
the later parts, and the oscillations at the ends of the tube become more and more 
like those of a standing wave. During this time the peak of the wave is being 
propagated more slowly, reaching a final constant velocity which establishes the 
period of the standing wave. The period of the standing wave can be calculated 
from the tension-length relationship exhibited when the tube is slowly stretched. 
This is true because a shift in the tension-length curve follows repeated stretching 
at short intervals, so that the viscosity shown on the first stretch is decreased, 
until it is no greater than that seen with a slow stretch. 

4. The velocities of the various parts of the propagated wave are dependent 
solely upon the basal volume level, and are iadependent of the size of the pressure 
pulse generated. The velocities of the three parts of the wave depend, then, upon 
the three tangents to three separate volume-pressure cuives at their departure 
from the initial volume level. The tangent of the distensibility curve with 
rapid stretch establishes the speed of the foot of the wave. That of the recoil 
curve following a rapid stretch, establishes the speed of the tail of the wave. The 
tangent of the volume-pressure curve obtaining when tension is slowly applied 
determines the final, constant velocity of the peak of the wave, and hence the 
period of the symmetrical standing wave. 
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The distensibility of the elastic arterial tree, if it could be described in quanti- 
tative measure, would be a good index to the stroke volume of the heart (1-3). 
For the stroke volume (SV) must be 

Vd + Ds 

where Vs and Vd are the volumes of the arterial reservoir at the end of systole 
and of diastole, and Ds is the drainage during systole. This last can be rather 
safely predicted, for drainage is proportional to the pressure existing above 20 
mm. Hg (4), and the drainage during diastole should equal the aortic uptake. 
By the respective areas under the systolic and diastolic portions of the pulse 
curve, therefore,' the drainage during systole can be calculated from this diastolic 
drainage level. 

The immediate problem, then, is the gauging of the volume uptake of the 
aorta as the pressure rises during systole. Several methods for this estimation 
have been advanced, based on the velocity of the arterial pulse wave, which 
is also conditioned by the distensibility of the wall. The basic formula usually 
applied is the Bramwell and Hill (5) ‘‘transformation” of the classic equation 
of Korteweg (6), in which 

Vp = 0.357 a/FAp/Av 

where Fp is the pulse wave velocity in meters per second, Ap is the rise in pressure 
in millimeters Hg corresponding to At;, the increment in volume in cubic centi- 
meters, starting from F, the diastolic volume of the tube. 

Such an equation predicts that the pulse wave velocity will be a constant 
index to the filling curve of the aorta. We have shown, however, that because 
the walls of the aorta have an internal viscosity, the distensibility curve is 
distorted at its very start when tension is applied rapidly. The speed of the 
foot of the pulse wave is accelerated by this decreased distensibility at the start 
of the curve; the total filling curve, however, is not seriously affected. It is 
necessary, therefore, to introduce an empirical factor into the Bramwell and 
Hill formula which will relate the two distensibility curves to each other. In 
other words, the pulse wave velocity can never be a quantitative measure of 
the total volume uptake in the living animal. If the degree of distortion is 
small, and varies but little with the rate of tension development, i.e., if the 
correction factor is almost constant, then, for practical purposes, a formula 

^ The expenses of this investigation were partly defrayed by a grant from the American 
Medical Association. 
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might be developed which would allow use of the wave velocity as an index to 
the fi lling cu rve. In general terms, such an equation would be Yp = 0.367 
F \/ApF/Ai;, where F would be the empirical factor to cover the influence of 
wall viscosity. 

When an evaluation of the F was attempted (7), it soon became clear that it 
depended in part upon the diastolic pressure level. Above a level of 70 mm. Hg, 
a value of 0,6-O.7 for the dog, and 0.8 for the human, would allow a fairly safe 
estimate of the relative distensibility of the aorta from the pulse wave velocity. 
Below this pressure range, the factor becomes much more variable. It is as 
though the physiological construction of the aortic wall had changed in going 
from one pressure range to the other. 

Now it is well recognized that the aortic wall has three systems, all of which 
are distensible. The tension-length relation of smooth muscle, divorced from 
connective tissue, is of course not known. Krafka (8) found the tension-length 



Fig. 1 Fig. 2 

Fig. 1. A reconstruction of the extensibility curve for an aortic ring based on the sum- 
mation of presumed extensibility curves for smooth muscle (M) , elastic fibers (JS?) and col- 
lagenous fibers ((7). 

Fig. 2. The effect of putrefaction upon the extensibility of an aortic ring. F, the first 
(solid) and second (broken) extensibility curves developed by the Scott serigraph for fresh 
tissue. The other curves show the progressive effect of putrefaction, and were made at 2 
(. - , - .), 5(. . . .) 14 and 20 days respectively. 

relation for ligamentum nuchae, and for tendon to be linear. If we may assume 
that linear relations hold for each of the three systems, then the complex exten- 
sibility curve of an aortic ring could be derived on the basis of three straight 
lines, starting by necessity, from different initial length values (fig. 1). To 
avoid sharp inflection points, one need assume only that the transition from 
one tissue type to another, as the wall is stretched, is not abrupt. 

Such an analysis indicates that there should be a pressure range, starting 
from 0, where the distensibility of the wall would be reflecting the elasticity of 
but a single one of these three possible systems. It seems obvious that the 
least distensible of the three systems would be the collagenous fibers, which 
means that the marked steepening of the aortic distensibility curve at high 
pressure levels would mark the high resistance to stretch of the outlying collage- 
nous coat. There are several indications that the first of the systems involved 
is the smooth muscle. 

1. From the time of MacWilliam (9) it has been recognized that the exten- 
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sibility of the aortic wall may be altered by various mechanical and chemical 
stimuli- Upon exposure to air and removal from the body, the rings appear 
thicker, firmer and smaller. Upon manipulation, this appearance of contraction 
is lost, and, according to the earlier measurements, the wall becomes increasingly 
extensible. Epinephrin renders the wall more resistant to stretch, and a variety 
of agents known to cause relaxation of smooth muscle, will render it more 
extensible (9). A similar conclusion is evident from the results of Krafka (8), 
who found that a first stretch would suffice to cause relaxation of the muscle 
elements, and leave the wall more extensible for a second stretch. 

When various aortic rings from our dogs were subjected to stretch by a Scott 
serigraph (8), it was found that this difference in extensibility between the 
contracted and relaxed aorta was largely artificial. For upon completion of 
the first stretch, and during the half-minute rest period allowed between stretches, 
the ring did not return to its initial half-circumference value. If the initial pin 
separation was not reset to the new level, slippage followed the first application 
of tension, which appeared on the record as a relatively great extensibility, such 
as indicated by the records of MacWilliam and Krafka. If the initial pin 
separation was reset to bring the once stretched ring tight, the second stretch 
cun^e ran almost parallel to the first through the first tension increments, 
reached an inflection point at about the same absolute half-circumference level, 
and then gradually approached the first curve. By the time full tension was 
developed, the two curves were identical. Several points seem indicated. 
First, that muscle was the system involved in the first part of the extensibility 
curve; second, that the extensibility of contracted and relaxed muscle were not 
greatly different; and third, that the greatest change as the result of muscle 
contraction was an absolute decrease in the initial length, with the corollary 
that the pressure level at w'hich the inflection in tension-length curve will be 
effective will be higher. 

If, upon completion of the second stretching, the ring was placed in 1/10,000 
epinephrin solution, the initial half-circumference value became smaller, although 
it did not reach the level existing before the first stretch. A much smaller con- 
traction would develop if the ring were merely allowed to remain in Ringer 
solution for several hours. Acetylcholine did not apparently relax further a 
once stretched ring, but it did prevent the contraction seen in Ringer solution. 
This might mean simply that upon completion of a stretch, the smooth muscle 
was completely relaxed. 

2. MacWilliam (9) further show^ed that as the aorta was allowed to putrefy, 
the extensibility curve was progressively changed. On repeating this experi- 
ment, we allowed several segments of aorta to putrefy in Ringer solution for a 
period of 22 days. Every 48 hours, two rings were sliced off the end of each 
segment, one of which was subjected to a series of stretchings, and the other 
fixed and sectioned for histological study.® From a survey of the respective 
stretch curves (fig. 2), it w^ould seem that the initial strong contraction which 

* The histological data included is from a report by Dr. E. E. Fund of the Department of 
Pathology, who sectioned, stained, and studied the various putrefied rings. 
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followed removal of the vessel from the body was gradually lost over the first 
72 hours. After this time, first and second stretches largely gave identical 
curves. During this same time interval, the starting half-circumference was 
gradually increasing, until it was finally larger than with the second stretch on 
on fresh tissue. Histological analysis showed that in the same interval, the 
muscle cells were losing their nuclei and gradually disappearing, but that both 
collagenous fibers and elastic tissue were unchanged. 

As putrefaction advanced beyond the fifth day, the stretch curves now became 
quite constant, showing a slope parallel to the middle region of the curves 
obtained on fresh tissue, i.e., the “musculo-elastic^^ portion. Around the 15th 
day, the extensibility curve changed again, being more extensible in the lower 
increment regions, but steepening again at the higher tension levels. Sectioned 
tissues showed that at this time the elastic fibers of the intima and adventitia 
had disappeared, but those of the media were still relatively intact, although 
losing in part the continuity of a sheet of tissue. Collagenous fibers were still 
present in large numbers, although some were sw'ollen and homogeneous. 

The experiment was terminated at 22 days, for by this time the ring would 
rupture before a definite stretch curve could be determined. Such rings showed 
an almost complete disappearance of elastic tissue, and a thinning of the collage- 
nous layer with the assumption of an amorphous and granular appearance. 

From these two lines of data, therefore, it seems justified to say that the first 
part of the extensibility curve is conditioned almost exclusively by muscle, the 
middle phase, by muscle and elastic tissue, and the higher tension range, by all 
three systems. In terms of absolute pressure values, the inflection points in 
the stretch curve vary according to the location along the aorta. The shift 
from a muscle to a musculo-elastic system is at around 70 mm. Hg. in the ascend- 
ing aorta and arch, 60 mm. Hg in the thoracic, and 40 mm. Hg in the abdominal 
aorta. These levels are, of course, not fixed, but will be varied by any change 
in contraction of the muscle. They are based upon the second stretch curves 
performed on fresh tissues. The stretch characteristics of the different aortic 
rings allow a reasonable grouping into three general regions, with but minor 
deviations within a group. In figure 3 are shown the summated pressure- 
volume relations for the three groups, i.e., the ascending aorta and arch, the 
thoracic, and the abdominal aorta. The differences between these three curves 
are strikingly similar to those noted (10) when the aortas of subjects 
from different age groups are compared. The ascending aorta is comparable 
to the ^‘young” aorta and the abdominal to the ^‘old’’. Further, as the ascending 
aorta putrefies, its distensibility curve becomes more and more like that of the 
"'old'' aorta, with its larger starting volume and its decreased distensibility. 

Now if a change in muscle contraction can so seriously affect the extensibility 
curve and hence the volume-pressure relations of the aorta, any estimate of 
absolute aortic distensibility in the living animal must be based on a quantita- 
te ely accurate measure of the existing diastolic size. In view of the marked 
contraction of our rings upon exposure to air, autopsy measurements would 
seemingly^ be valid only if the aorta normally show's a comparable contraction 
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in life. We have satisfied ourselves that the aorta left in situ in the dead dog 
is relatively relaxed. When the same aorta is cut into rings, it is relatively 
contracted. 

The volume of the aorta in situ was even greater than that calculated from 
stretch curves. The vessel was exposed by evisceration, all branches tied off 
but wherever possible left intact, and a large cannula tied into the ascending 
aorta at the region of the aortic valves. Known volumes of salt solution were 
then injected into this blind sac from a pressure burette. Pressure changes 
corresponding to the known volume injections were recorded by means of sounds, 
placed in the abdominal aorta and arch, connected to optical manometers. 



Fig. 3. Volume-pressure relations for the ascending aorta and arch (AR), the thoracic, 
and the abdominal aorta for the dog, as calculated from extensibility curves of the various 
rings subjected to slow stretch. 

Fig. 4. Volume-pressure relations for the post mortem aorta of the dog, left in situ. 
Volume-pressure increments for artificial pulses are plotted as points. The solid line 
represents volume-pressure relations for the whole aorta as calculated from second stretch 
curves of the various rings. The broken line, the relations as calculated from the first 
stretch curves. 

Drainage from the system, which was small, was estimated from the rate of 
pressure fall in “diastole^’. 

At the conclusion of the experiment, the aorta was removed, cut serially into 
rings, and each ring subjected to stretch. It was assumed that the volume 
derived from the stretch curves corresponding to a pressure of 180 mm. Hg was 
correct (the first and second stretch curves were then, in greatest part, identical, 
and conditioned largely by collagenous fibers) and the actual volume-pressure 
increments referred to this derived 180 mm. Hg pressure volume level. As 
shown in figure 4, the conclusion must be drawn that the aorta in the dead dog, 
when subjected to repeated stretchings by administered artificial pulses, was 
even more relaxed than were the individual rings upon a second stretch. 

Whether the aorta in the living animal is likewise relaxed is most uncertain. 
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Probably the best direct evidence on the question of how extensive tone changes 
may be in the aorta is that of Wiggers and Wegria (11) who, using an aortograph, 
showed a decreased aortic size, not accompanied by a change in arterial pressure, 
following the injection of epinephrin. Optically recorded pulse contours in 
the turtle show a decrease in capacity and change in the elastic properties of 
the pulmonary reservoir after an injection of epinephrin, with no change in the 
pulmonary peripheral resistance (12) . Evidence in support of a specific increase 
in volume following the use of vasodilator drugs or vagal stimulation, is not 
conclusive (13). The problem admittedly is a difficult one to solve. 

It is customary, in evaluating the diastolic volume of the human aorta, to 
refer to the aortic sizes given by Bazett and associates (1) as related to age and 
surface area. For example, Coumand et al. (14) referred their index of diastolic 
size, as determined from x-ray pictures of the ascending aorta in subjects given 
diodrast, to the Bazett figures, concluding that the actual volumes in life were 
much larger. It should be recalled, however, that Bazett states that the figures 
“as expected give too low an estimate of the area of the aorta distended at its 
working pressure”. Any use of these figures to give an index to diastolic size 
is, of course, totally unwarranted. We have shown elsewhere (15) that a human 
aorta increased its area some three-fold when going from an internal pressure 
value of 0 to 80 mm. Hg, an increase even smaller than that found by Hallock 
and Benson (10). Coumand’s figures, therefore, would indicate not a larger 
vessel, but a strongly contracted one. 

In their study on the estimation of the stroke volume from the pulse wave 
velocity, Bazett et al. (1) give formulae from which can be derived the diastolic 
size not only of the aorta but of the arterial branches as well. It should be 
borne in mind, however, that these formulae were derived ihdirectljr. The 
aortic volume is based upon the zero pressure aortic cross area, which is to be 
increased by a given correction factor, which includes in itself an estimate of 
aortic length. This factor was merely chosen so that when the volume so 
obtained was multiplied by a distensibility index, with a drainage component 
added, the total stroke volume derived would be equal to that determined by 
the acetylene method. The distensibility index was derived from recorded 
pulse wave velocities through the arteries. As we have shown elsewhere (16), 
the pulse wave velocities, at least for the ascending aorta, are probably too small. 
The stroke volume given by the acetylene method is also probably too small 
(17). Hence the Bazett formulae, derived solely to allow a fit with a given set 
of data, are hardly inviolable as indices to diastolic size* 

When the diastolic volume of a human aorta which we have studied (15) was 
assembled from the stretch records of the various rings, the value obtained was 
1.5 times greater than the Bazett formulae would predict for the aorta and the 
arterial branches as well. It should be emphasized that we do not claim that 
our figure is any more pertinent to the problem than are the estimates of Cour- 
nand and of Bazett. It seems clear, however, that we are left in the perplexing 
state in which no single estimate of the actual diastolic volume in life can be 
regarded as accurate. Since tone changes are entirely possible in the living 
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and since diastolic volume can thus be varied, any quantitative measure 
of the aortic uptake from any known index is most insecure. 

The problem of how changes in muscle tone would affect the pulse wave 
velocity is very complex. Analyzing our previous statements as to the vari- 
ability of the empirical viscosity factor F, in the light of our interpretation of 
the aortic stretch curve, it would seem that the nearer the stretched length 
approached the point at which the outlying collagenous fibers largely condition 
the distensibility, the less variable the F value. Conversely, the greater the 
r61e of muscle in the determination of the wall distensibility, the more erratic 
is the F value. This effect was studied more carefully by means of a rapid 
stretch apparatus (7) Tvith which stretch curves were developed from initial 
levels well within the range at which muscle was the most important distensible 
component. It was apparent that the lower the initial setting, the greater the 
discrepancy between the rapid stretch curve (pulse wave velocity) and the slow 
stretch curve (aortic filling). In absolute terms, however, the initial slope of 
the rapid stretch curves remained almost constant until the inflection point 
between muscle and the musculo-elastic systems had been reached, when it was 
increased. Now a constant slope in the face of an increasing diastolic volume 
would serve to give an ever increasing pulse wave velocity as the diastolic pres- 
sure rose. We have already shoTvn (7) that such a relation between pressure 
level and pulse wave velocity holds for the living animal. The application of 
the Bramwell and HiU formula to the filling curve in this low pressure area would 
indicate just the opposite, a decreasing or a constant velocity as the diastolic 
pressure rose (fig. 7). 

While a qualitative accord between velocity values actually measured and 
as derived from rapid stretch volume-pressure relations, is easily obtainable, a 
strict quantitative relation between the two is more uncertain. It was found 
that the initial half-circumference value at a given pressure setting could change 
through such Tvide limits that calculated velocity figures varied markedly. If 
a ring Tvas allowed to remain under tension for several minutes, it gradually 
enlarged to a value greater than that indicated by the second slow stretch curve. 
Once it had seemingly reached a constant value, it would usually not return 
to the same initial level when subjected to a series of stretches. The problem 
is reduced, then, to the selection of a series of diastolic sizes which are compar- 
able, and from which pulse wave velocities can be derived. When, for example, 
the diastolic size was taken to be the largest reached by a ring after prolonged 
stretching, the calculated pulse wave velocity was not greatly different from 
the actual value. What does seem explicable is the fact that the scatter of 
individual points in a measured pulse wave velocity against diastolic pressure 
plot becomes much greater at the low pressure levels. 

Because the walls have an internal viscosity, the aortic ring not only shows a 
decreased extensibility at the start of a stretch, but also a slu^sh resumption 
of its initial size after tension is Tvithdrawn. In figure 5, for example, is shown 
an extensibility curve developed by a rapid stretch, in which both the increase 
in tension and half-circumference are plotted against time. In this case, the 
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initial half-circumference value would not have been reached until some 600 
m.sec. after all tension was removed. When another stretch was begun before 
the completion of this period of return, the second extensibility curve started 
from a higher level. This would indicate that both the aortic distensibility 
and the pulse wave velocity could be dependent in part upon the time interval 



Fig. 5. The extensibility and recovery curves for an aortic ring subjected to rapid 
stretching. The solid line represents the change in applied tension, plotted against time. 
The broken line, the change in half-circumference value— the ordinate denoting half- 
circumference has been so constructed that the tension line will also denote the half -cir- 
cumference values which would obtain if the ring were stretched slowly (Scott serigraph). 
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Fig. 6. The relation between pulse wave velocity and the heart rate of the dog. The 
solid circles represent velocity values obtained in the control period. An injection of 
acetylcholine was then made, the pressure and velocity values both changing. The line 
shows the sequence of readings, as the heart rate first slowed, and then accelerated. 

Fig. 7. The relation between pulse wave velocity and diastolic pressure in the dog. The 
broken line denotes the change in velocity with pressure rise in the living animal. The 
solid lines show values which are calculated from the slow* stretch curves for aortic rings, 
using formulas 1, 2 and 3. 

allowed between stretchings, i.e., upon the heart rate. That such a conclusion 
is physiologically sound might be deduced from the following experiment. 
Recording sounds were placed in the arch, and also passed up through the femoral 
artery to the region of the diaphragm, in a living dog. The pulse wave velocity 
through the descending arch and thoracic aorta could thereby be measured. 
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In the control period, the pulse wave velocity was fairly constant at around 6M. 
per sec., and the pulse rate was such that from the first pressure rise of one pulse 
to the first rise of the next was 800 m.sec. Acetylcholine was then injected, 
resulting in a fall in diastolic pressure and an initial slowing of the heart rate. 
The first slow beats recorded (fig. 6) showed a velocity of 5.5M. per sec. The 
interval between these heart beats was 8.5 and 15 seconds respectively. Then, 
as the pulse rate increased, the pulse wave velocity also increased, even though 
the diastolic pressure remained unchanged. At one point the velocity reached 
IIM. per sec., at which time the interval between pulse beats had been decreased 
to 450 m.sec. The explanation seems clear. With the fast heart rate, not 
enough time was allowed betw^een successive heart beats to allow a complete 
return of the aorta to its original diastolic volume. A new stretch started, then, 
from a higher level, and as a result, the pulse wave velocity was increased. 
The reciprocal effect, i.e., a slowed pulse wave velocity with decreased heart 
rate, following vagal stimulation, has been previously reported (18), We 
might expect that this dependence upon the pulse rate would be greatest at 
the lower pressure levels, where the distensibility of the aorta is greatest, and 
where the greatest discrepancy exists between the rapid and slow extensibility 
curves. 

A brief review of the formulas which have been developed in this and a previous 
paper (7) \vill serve to summarize the above data. In an attempt to relate the 
pulse wave velocity to the volume-pressure relations (filling curve) of the aorta, 
Bramwell and Hill (5) reexpressed the theoretical equation of Korteweg (6) 
to read 

Vp = 0.357 VApF/At; (1) 

Working at the same time as Korteweg, Moens (19) developed, as a result of 
actual experiments, the same formula, except that it bore a correction factor 
of 0.9 which he treated as a constant. We have shown (7) that, when such a 
factor is used, the formula will predict with reasonable accuracy the period of 
the standing wave in the arterial system. Hence 

2L/8.W. = 0.357 X O.^VApV/Av = 0.32 VapWAjJ (2) 

where S.TF. is the period of the standing wave and L the length of the aorta. 
The use of such a formula to estimate the stroke volume is limited for two 
reasons: 1, because of possible muscle contraction, the diastolic volume of the 
aorta cannot be merely assumed from autopsy data, or from stretch curves. 
Nor can this volume be derived by any known techniques; 2, the period of tlje 
standing wave is very difficult to determine accurately from pulse contours. 

A relation of the pulse wave velocity to arterial filling is even less sound. 
The application of equation 1 to the filling curve gives velocities much lower 
than actual (fig. 7), and, at low pressure levels, would indicate a reversal of the 
trend for an increasing velocity with an increasing diastolic pressure. The 
equation must include an empirical factor which will correct for the internal 
viscosity of the walls, which in turn, depends directly upon the structural ele- 
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ment in the wall which is governing its extensibility at the moment, 
higher ranges of diastolic pressure, an approximation can be had by: 


and 


Vp = 0.22 V ApF/A?; for the dog 
Vp = 0.27 V Ap7/Ay for the human. 


In the 
(3) 


In the lower pressure ranges, no constant correction factor will suffice. The 
difficulty is twofold; 1, the discrepancy between rapid and slow stretch curves 
becomes greater as the pressure is lowered, and 2, the diastolic volume fluctuates 
widely, as the degree of muscle contraction is changed, and also as the rest 
period between successive heart beats, i.e., the pulse rate, is changed. Hence 
we must conclude that the estimation of a stroke volume from the pulse wave 
velocity is on insecure grounds. 


SUMMARY 

The calculation from pulse wave velocity of the distensibility of the arterial 
tree, as a step in estimating the stroke volume of the heart, requires the deter- 
mination of the effect of the viscous elastic properties of the arterial wall and 
an estimation of the diastolic size of the arterial z'eservoir. 

The aortic wall is a heterogeneous elastic system, with different viscous 
properties for each of the contained elements. Contraction of smooth muscle 
may alter the relative r61e of each of these elements in determining the resist- 
ance of the wall to stretch. The diastolic size of the aorta will vary not only 
with the tone of the smooth muscle but also with the time allowed between 
heart beats for the sluggish return of the wall to its original diastolic size. 
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In the course of a series of recent investigations which showed that the velocity 
of the arterial pulse wave cannot be used as a measure of the volume uptake of 
the aorta in systole (1, 2), extensive data were gathered on the pulse wave 
velocity and the volume-pressure relationships of the aortas of some 14 dogs. 
From such data we have attempted to construct cardiac ejection curves which 
would produce a given conformation of the central pulse. It should be recog- 
nized that such a reconstruction cannot be used as a quantitative measure of 
stroke volume, particularly in the lower pressure ranges, for the diastolic volume 
which obtains in the aorta cannot be directly predicted from autopsy data. 
Despite its quantitative limitations, the reconstruction of a cardiac ejection 
curve does lend insight into several fundamental phenomena involved in cardio- 
dynamics. 

The approach dijffers in detail from that used by Otto Frank in developing 
the ^^Grundform des arteriellen Pulses” (3) in that the time relations of the dis- 
tention of successive segments of the aorta by the pulse wave were worked in 
quantitatively. The aorta is thus not considered as a single compression 
chamber or Windkessel but rather as a tube whose parts are successively dis- 
tended. 

Volume-pressure relations of the various aortas with which we have worked 
were assembled by calculation from the tension length curves obtained when 
aortic rings, cut serially, were stretched by a Scott serigraph (4). Bodj’’ weights 
of the animals used varied from 7 to 17 kgm., averaging 14.5 kgm. The average 
length of the aorta in situ, from aortic valves to bifurcation of the iliacs, was 
326 mm. It has been shown (1) that the stretch curves of various rings group 
themselves naturally into three categories. In this study, these groups are 
treated as units. The first, including the ascending aorta and arch, down to 
the first intercostal artery, hereafter called simply the arch, measured an average 
length of 55 mm. The second segment, which included all thoracic aorta to 
the diaphragm, was 155 mm. long, and the final segment, the abdominal aorta, 
109 mm. Longitudinal shortening upon removal from the body averaged 33 
per cent for the abdominal region and arch, and 23 per cent for the thoracic. 
Stretch figures developed from the relaxed segments were corrected to the 
in situ lengths by these factors. The average volume-pressure relations so 
developed are shown in table 1. 

In table 2 are given transmission times from the heart to the fork of the 

1 The expenses of this investigation were partly defrayed by a grant from th^American 
Medical Association. 
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iliacs, as actually measured in living animals when the diastolic pressure was 
varied through injections of epinephrin or acetylcholine. Agreement between 
such measured velocities and those calculated from tension-length curves given 
when tension was applied very rapidly (1) is good, so that the total transmission 
time has been apportioned to the various segments as the rapid stretch data 
would indicate. 


TABLE 1 


Average volume-pressure relations of the parts of the 15 hgm. dog aorta 


FSESSmUB 

ARCH 

THORACIC 

‘ ABDOMINAL 

TOTAL 

mm, Bg 

CC. 

CC, 

CC. 

CC. 

0 

4.56 

7.70 

3.89 

16.1 

20 

5.90 . 

8.42 

4.43 

18.7 

40 

7.52 

9.38 

5.08 

22.08 

60 

9.66 

10.67 

5.80 

26.1 

80 

12.10 

12.46 

6.53 

31.1 

100 

14.14 

14.34 

7.11 

35.6 

120 

15.90 

16.15 

7.69 

39.7 

140 

17.21 

17.72 

8.18 

43.1 

160 

18.25 

19.08 

8.53 

45.9 

180 

19.00 

19.87 

8.72 

47.6 

200 

19.68 

20.30 

8.95 

48.9 


TABLE 2 


Average transmission times, in milliseconds, through the various aortic regions of the dog 


PKBSStIRE 

ARCH 

XHORAaC 

ABDOMINAL 

TOTAL 

mm. Eg 

m, sec. 

m. sec. 

m. sec. 

m. sec. 

20 

18.3 

58.8 

27.2 

104.3 

40 

14.8 

47,6 

23.2 

85.6 

60 

12.3 

39.2 

19.7 

71.2 

80 

10.4 

31.9 

17.3 

59.6 

100 

9.0 

26.8 

15.2 

51.0 

120 

7.8 

23.4 

13.6 

44.8 

140 

6.8 

20.3 

11.9 

39.0 

160 

6,0 

17.0 

10.6 

33.6 

180 

5.1 

13.8 

9.2 

28.1 


To approximate, by calculation from the pressure pulse contour, the time 
course of ejection, it was assumed that the central pulse contour passed 
unchanged through the aorta, and out the aortic branches to the arterioles. 
The contour of the actual pulse which is seen in the peripheral arteries, of course, 
does differ from that seen in the upper aorta. The difference is largely due to 
the superimposition of reflected waves from the arterioles (6, 6), which in turn 
are due to arteriolar resistance to flow. The pressure rise attendant upon 
reflectimi is additional to that caused by the cardiac ejection, and is therefore 
not considered in calculating the time course of ejection. 






548 


JOHN W, EEMINGTON AND W. F. HAMILTON 



Fig. 1. Cardiac ejection curves as derived from pressure pulse contours for the dog. a. 
Central pressure pulse from Wiggers and Katz (7), divided into areas for the estimation of 
drainage (see text). Curve the corresponding derived ejection curve, and curve 
the corresponding cardiometer curve from Wiggers and Katz, h and c are pulses following 
the injection of epinephrin. Systolic and diastolic pressure values, in millimeters Hg, are 
given. Adjacent to the ejection curves are the total stroke volumes, in cubic centimeters. 
Curves d and e are normal pulses, curves f~k, a variety of low pressure pulses. Curves 
/ , h and i were taken following the injection of acetylcholine. The others were from animals 
in shock. Curve k shows an alternating heart. 
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To illustrate tlie method employed iu the construction of a cardiac ejection 
curve, a central pulse contour has been taken from Wiggers and Katz (7) (fig. 2, 
second cycle), and given arbitrary diastolic and pulse pressure values of 80 and 
48 mm. Hg respectively (fig. 1). The weight of the animal in question was 
assumed to be the same as our average (15 kgm.). The pulse was now divided 
into 10 m.sec. units, with the average pressure above diastolic level for each 
unit recorded. Our hypothetical aorta is also divided into units whose length 
shall represent 10 m.sec. transmission time, and from the data given in table 1, 
the volume increment for each pressure rise, per 10 m.sec. length of tube, has 
been calculated. The calculation is given in table 3. During the first 10 m.sec., 
the wave has traversed the first aortic segment, and the pressure therein has 



Fig. 2. Cardiac ejection curves derived from axillary and carotid pulse contours for the 
human. The systolic and diastolic pressure values, in millimeters Hg, are adjacent to each 
pressure curve; the derived total ejection volume, in cubic centimeters, to each ejection 
curve. Curves o, 5 and c are normal pulses. Curves d, e and / were taken from patients 
in shock. 

risen 3 mm. Hg. This means that 0.31 cc. has been ejected into it. During 
the second 10 m.sec. period, the first segment has an average pressure of 5 mm. 
Hg above diastolic, its blood content has increased to 0.51 cc. above diastolic, 
and the pulse wave has traversed the second aortic segment. Here the pressure 
has increased 3 mm. Hg and the blood content 0.09 cc. During the third 10 
m.sec. interval the pulse wave has gone one segment further, and the first two 
segments have increased their blood content as indicated. Succeeding intervals 
are treated alike, and the total uptake summated during each interval in the 
last column. To save space, several intervals are omitted from the table. These 
summated volume changes will give an aortic uptake curve which will satisfy 
the pressure pulse contour. 
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During the ejection period, drainage from the aorta, through the arterial 
branches, has been occurring. It was assumed that the volume outflow is 
proportional to the pressure obtaining over 20 mm. Hg (8), and that the total 
outflow during diastole would equal in amount the aortic uptake. For simplified 
treatment, the pressure curve was divided into several regions whose respective 
areas above 20 mm. Hg could be calculated as though they were trapezoids 
(fig. 1). The sum of areas E and F, which should represent the diastolic drain- 
age, was regarded as equivalent to the volume of the aortic uptake. The 
drainage volume representative of regions A, B, C and D was then calculated 
from the proportion of their respective areas to the summated area of B and F 

TABLE 3 


The construction of an aortic uptake curve for the dog aorta 


TIME 

INXEStVAL 

* 

FS£SSnS£ 

SISE 

VOLUME UPTAKE, CC. 

AECE 

1 Thoracic 

Abdoinmal 

Total 


mm. Hg 

10 m,sec. 


32 m.sec. 


17 m.sec. 


10 

3 

0.31 







0.31 

20 

5 

0.51 

0.09 






0.60 

30 

12 

1.22 

0.15 

0.09 





1.46 

40 

19 

1.94 

0.35 

0.15 

0.09 




2.53 

50 

26 

2.57 

0.56 

0.35 

0.15 

0.02 

0.04 


3.69 

60 

33 

3.18 

0.76 

0.56 

0.35 

0.03 

0.07 

0.04 

4.99 

70 

37 

3.58 

0.96 

0.76 

0.56 

0.07 

0.17 

0.09 

6.19 

80 

40 

3.80 

1.06 

0.96 

0.76 

0.11 

0.26 

0.19 

7.14 

90 

42 

3.92 

1.15 

1.06 

0.96 

0.15 

0.36 

0.29 

7.89 

100 

43 

3.98 

i 1.19 

1.15 

1.06 

0.19 

0.46 

0.39 

8.42 . 

120 

46 

4.19 

1.27 

1.23 

1.19 

0.23 

0.57 

0.56 

9.24 

160 

48 

4.32 

1.33 

1.32 

1.31 

0.26 

0.65 

0.67 

9.86 

200 

47 

4.26 

1.33 

1.35 

1.35 

0.27 

0.68 

0.75 

9.99 

240 

44 

4.05 

1.28 

1.30 

1.31 

0.26 

0.65 

0.75 

9.60 

280 

39 

3.71 

1.17 

1.20 

1.23 

0.25 

0.61 

0.71 

8.88 

300 

35 

3.36 

1.06 

1.12 

1.17 

0.24 

0.59 

0.66 

8.20 


* This column applies only to arch. It should be lowered one space to apply to the 
next column and so on, beginning at the level at which each column begins. 


(table 4). From these values, it is possible to calculate the volume outflow 
from the whole aorta for each 10 m.sec. time interval. 

It was assumed that drainage loss from each general region of the aorta would 
be proportional to its reservoir capacity (but cf. 9). In other words, drainage 
would be from the nearby rather than from the distant regions of the aorta, 
and, during diastole, would involve little movement of blood up or down the 
aorta. 

During diastole, drainage out the several aortic branches is at a rate that 
^adually decreases as the pressure falls off. During systole, as the pressure 
rises, as soon as the pulse wave arrives at each successive segment of aorta, 
blood will leave through the branches at an increased rate. At first, this blood 
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expands the arterial branches. Later, as the pulse wave reaches the terminal 
arterioles, drainage will increase as the pressure rises. Since it is practically 
impossible to evaluate the amount by which the many arteries expand, we have 
used the simple dodge of saying the outflow from the aorta bears the same 
relation to pressure whether the blood concerned goes to fill the branches or 
actually leaves the arterioles as drainage. An error is probably involved, but 
one which will not significantly affect the contour of the ejection curve. 

Drainage from the lower parts of the aorta before the arrival of the pulse 
wave is not included in the calculations, since this drainage merely serves to 
bring the pressure in the lower aorta to the diastolic level, and hence belongs 
properly with the diastolic drainage of the previous cycle. On the basis of 
these considerations, the volume outflow from each 10 m.sec. segment of the 
aorta during each 10 m.sec. interval of time was calculated. A listing of these 
quantities, and their summation is given in table 5, which is again an abridge- 
ment of the actual work sheet. A shorter listing of drainage quantities is given 


TABLE 4 

The estimation of drainage from the dog aorta 


PULSE REGION 

AVE. PRESSURE HEIGHT 

TIME LENGTH 

AREA 

VOLUME 

A 

mm. Bg 

78 

sec. 

0.06 

4.68 

1.19 

B 

102 

0.06 

6.12 

1.55 

C 

107 

^ 0.08 

8.56 

2.17 

D 

101 

0.10 

10.10 

2.57 

E 

82 

0.30 

29.46 

24.60 

7.48 

F 

64.5 

0.23 

14.84 ! 

9.99 




39.44 



for the lower than for the upper parts of the aorta because the incisura occurs, 
and ejection ceases, 300 m.sec, after the beginning of systole. All drainage 
which occurs after this instant is at the expense of blood which has already been 
ejected and hence does not modify the ejection curve. 

The aortic uptake (table 3, column 10) and the systolic drainage (table 5, 
column 9) were added to make the cardiac ejection curve which is given in 
figure 1 (curve E^). If the total volume change of the cardiometer curve of 
Wiggers and Katz (7), which corresponds to the pressure curve taken as the 
basis of calculation, is assumed to be the same 15.3 cc., the volume change at 
the respective time intervals will be shown in figure 1 (curve C'). The agree- 
ment with the calculated curve is rather surprising. The only major discrepancy 
is in the initial ‘^ear^^ of the cardiometer curve, and a time lag that decreases 
as the curves meet at the top. This is explained in part as the result of move- 
ment of the heart into the cardiometer during early systole, and its movement 
out again in late systole (7). 

Systole on this pressure curve lasts 300 m.sec., as measured from the begin- 
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ning of the pressure rise to the beginning of the sharp downstroke of the incisura. 
Ejection, however, lasts only 280 m.sec. This duration is the same on both 
the cardiometer curve and the calculated curve. Calculations continued beyond 
this time indicate that the aorta is losing volume at a rate greater than can be 
accounted for by drainage at the pressures obtaining in the various parts, on 
the hypothesis that a root pressure pulse is propagated unchanged down the 
aorta. The mean pressure producing drainage during late systole may be 
greater than this in the lower parts of the aorta, due to reflected waves. Also, 
we have shown (1) that a given pulse contour does not pass unchanged through 
the aorta, because of a viscous resistance of the aortic wall to the first part of a 
stretch. Whatever the cause of the seeming decrease in aortic content (plus 
drainage) in late systole, it is of small measure and certainly should not be 
recorded as a diminution in the height of the ejection curve (dotted line, fig. c). 
Such a decrease would imply that blood flows back into the heart, which is 
impossible since the aortic valves would prevent such a regurgitation. The top 
of the curve is therefore drawn flat to agree with the cardiometer curve, and to 
imply that in late systole ejection has ceased. In this period, the ventricle 
continues to maintain its contraction, and hold the intraventricular pressure 
equal to aortic, until such time as ventricular relaxation occurs and the valves 
close. 

In the light of the agreement between the contour of the cardiometer curve 
and that of the calculated ejection curve, it seems worth while to discuss briefly 
the nature of the curves derived from some central pulse contours, taken when 
the chest of the dog was closed, and under varying physiological conditions. 
It may be expected that the extent and contour of the ejection curve would be 
affected by such factors as the length of systole, the height of diastolic pressure, 
the height of the pulse pressure, and the degree of “fullness” of the pressure 
pulse. 

The duration of systole may vary, in different experiments, by twofold or more. 
Our own experiments with closed chest show a systolic duration of 120-170 
m.sec. for normal pulses, whereas with the rapid heart and low diastolic pressure 
of the failing animal, this time may be reduced to some 60 m.sec. These values 
are in contrast to the 300 m.sec. duration of the Wiggers and Katz curve. The 
difference could easily lie in a cooling of the heart by exposure and an inter- 
ference of coronary circulation by the cardiometer in these open chest experi- 
ments. There are records from this laboratory, in dogs with open chests, which 
show a systolic duration of 200-300 m.sec. 

Other things being equal, the longer the systole, the greater will be the ejection. 
The stroke volume calculated from the Wiggers and Katz curve is almost twice 
that derived from one of our records with the same pulse pressure, and with 
systolic time roughly half as long. This volume difference is more apparent 
than real. We have assumed that the characteristics of the aorta of the Wiggers 
dog were those of our isolated aortas. Such an assumption may easily be less 
justified in an open chest animal than in a normal one, and hence physiological 
conclusions can hardly be based upon the size of the stroke volume so determined. 
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Smooth muscle tone changes may alter the diastolic volume of the aorta in 
considerable measure (2). Pulse wave velocity in the isolated aorta at various 
diastolic pressures is within the normal limits of variation values determined 
for the intact animal (1). In substance, then, it would seem that the proportion 
by which the aorta is distended by the pressure pulse is the same whether the 
aorta be dead and contracted, dead and relaxed, or alive and contracted to an 
unknown degree. The absolute volume of the aortic uptake, on the other hand, 
depends upon the diastolic capacity of the aorta. If we should assume that 
the aorta in the Wiggers dog was contracted to the degree that it contained 
only one-half the volume of the equivalent dead aorta, the stroke volume would 
be a half that expressed in figure 1. Further, we have arbitrarily given this 
pulse a pressure height of 48 mm. Hg, which is larger than might be expected 
from an animal with open chest. Whatever absolute value of the stroke volume 
be taken as physiologically valid, the agreement between the cardiometer and 

TABLE 5 


The estimation of systolic drainage for the dog aorta 


TIME PERIOD 

DRAINAGE VOLUME, CC. 

ARCH 

Thoracic 

Abdoxxwial 

Total 

in.56C, 









20 

0.13 

0.02 






0.15 

40 

0.28 

0.07 

0.04 

0.02 




0.41 

60 

0.48 

0,11 

0.09 

0,07 

0.00 

0.02 

O.Ol 

0.78 

80 

0.68 

0.18 

0.15 

0.11 

0.02 

0.07 

0.05 

1.26 

100 

0.88 

0.26 

0.22 

0.18 

0.03 

0.10 

0.08 

1.75 

150 

1.38 

0.40 

0.31 

0.34 

0.06 1 

0.20 

0.18 

2.93 

200 

1.88 

0.56 

0.53 

0.50 

0.10 

0.30 

0.28 

4.15 

280 

2.68 

0.80 

0.77 

0.73 

0.14 ! 

0.45 

0.42 

5.99 

300 

2.88 

0.86 

0.83 

0.84 

0.15 

0.50 

0.48 

6.50 


derived curves would be unchanged since it is an agreement of contour rather 
than quantity. It should be emphasized again, therefore, that differences in 
stroke volume obtained in various ejection curves is insecure. Differences in 
contour which correspond to differences in the form of the pressure pulse do, 
however, have a valid basis, and are significant. Some of these contours, 
developed for a variety of pulse curves, are given in figure L 
The systolic portion of the pressure pulse usually has a pronounced shoulder, 
at some 15-30 m.sec. after the first pressure rise, after which the pressure rises 
less rapidly. This shoulder cannot be attributed to an inflection of the cardiac 
ejection curve, but rather to an increase in the length of the aorta expanding 
and draining under the influence of continued injection. If the ejection ¥ate 
were constant, this time interval to shoulder should bear a constant relation to 
the transmission time. Actually, despite differences in ejection rates and varia- 
tions in pulse wave velocity, this time interval varies only by a few m,sec* 
After the shoulder, the pressure pulse may remain flat (fig. 1 , /, i ) , may ascend 
to an early peak (d, g, k)^ to a peak in mid-systole (/i), or in late systole (b, c, c, );. 
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Beneath each pulse is an ejection curve calculated in the manner described 
above. Often ejection continues after the pressure begins to fall, because more 
distant reaches of the aorta are accepting blood and because drainage is augment- 
ing. This is most typical of pulses arising from a low diastolic pressure level, 
at which the pulse wave velocity is greatly decreased. In general, early peaks 
in the pressure pulse are associated with a rapid rise and early flattening of the 
ejection curve, late peaks with the continued, slower ejection throughout 
systole. 

A factor which proves troublesome in calculating the ejection curve is the 
return of the reflected wave to the root of the aorta before a prolonged systole 
is over. This happens when the transmission time is shortened by a high di- 
astolic pressure. An example is shown in figure 1, c, which is a pulse contour 
obtained after the injection of epinephrin. Usually systole is over before the 
reflected wave returns. Where it is evident from the transmission times and 
from the contour of the central pulse that the reflected wave has returned before 
the incisura, an estimate must be made of the true pressure level, without the 
component to be related to the returning wave, for the calculations. 

Changes in diastolic and pulse pressure. Other things being equal, it is obvious 
that the greater the pulse pressure, and the less the diastolic pressure, the greater 
will be the stroke volume. Thus curves h and c (fig. 1) have smaller calculated 
stroke volumes than d and e, even though the pulse pressure is of the same 
order, because the diastolic pressure is higher. The greater pulse pressure of e 
renders a greater stroke volume than for d, where the diastolic pressure is the 
same. Again the point should be stressed that differences in stroke volume 
inferred from differences in pulse pressure are not necessarily valid, since nothing 
is known about possible changes in diastolic size of the aorta. Since the tone 
of the aortic wall cannot change in the course of a single systole, differences in 
contour of the ejection curves, in different pressure ranges, is significant. This 
is illustrated by the comparison of curves c and / (fig. 1), where the pressure 
contours are similar, but c is over a higher range than /. In b, ejection flattens 
off as the aorta becomes less distensible at the high pressure levels, while in /, 
ejection continued unabated until very late in systole. 

Human pressure pulses lend themselves to the same type of calculation, assum- 
ing that the carotid or axillary pressure pulse is representative of the central 
contour. Measurements of aortic cross area as given by Bazett et aL (10) are 
of a smaller order than those given by Hallock and Benson (11), To secure 
the relationships tentatively for the human aorta, the following measurements 
were made on an aorta from a negro woman 18 years old, height 167 cm. ; weight, 
50 kgm., surface area 1.55 sq. m. The in situ length of the ascending aorta 
from heart to innominate artery, was 6.3 cm.; from innominate to first inter- 
costal, 5.9 cm., from first intercostal to diaphragm, 18.6 cm., and from diaphragm 
to fork of the iliacs, 11,0 cm. The aorta was cut into rings, and stretch curves 
developed at various rates of tension increment. As with the dog aortas, this 
aorta was divided into three regions, and volume-pressure relations developed 
for each part (table 6). On the basis of rapid stretch curves, transmission times 
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through the various parts were estimated, assuming the relationship true for 
the dog to hold for the human (table 7). 

Using various pressure pulse contours from recordings from human carotid 
or axillary arteries, ejection cur\’’es were calculated from the measurements of 
the human aorta, as shown in figure 2. Pulses a, b and c all have the same pulse 
pressure and diastolic pressure level, differing in the general form of the pressure 
curve. The derived stroke volumes are of comparable size, but the contours 

TABLE 6 


Volume-pressure relations for a human aorta 


PKESSUSE 

vottacB 

ARCH 

Thoracic 

Abdominal 

Total 

mm. Mg 

cc. 

cc. 

cc. 

cc. 

0 

25.8 

19.0 

7.4 

52.2 

20 

33.4 

21.8 

9.1 

64.3 

40 

44.0 

26.0 

11.3 

81.3 

60 

56,8 

31.5 

13.8 

102.1 

80 

75.0 

38.6 

16.4 

130.0 

100 

85.3 

46.4 

19.0 1 

150.7 

120 

90.2 

52.6 

20.3 

163.1 

140 

95.6 

57.0 

21.3 

173.9 

160 

98,0 

59.6 

22.3 

179.9 

180 

99.5 

61.3 

22.8 

183.6 


TABLE 7 


Estimated transmission times through a human aorta 


FSESSXHtE 

XSA37SMISS10N TIME 

Arch 

Thoracic 

Abdominal 

Total 

mm. Eg 

m,$ec. 

m.sec. 

m.sec 

m,sec. 

20 

36.0 

54.0 

32.0 

122 

40 

31.4 

48.0 

27.7 

107 

60 

26.8 

42.0 

23.2 

92 

80 : 

22.4 

36.0 

18.7 

77 

100 

17.8 

29.7 

14.4 

62 

120 

13.5 

23.0 i 

11.5 

48 

140 

10.7 

18.0 

9.7 

38 

160 

8.4 

13.5 I 

9.2 

31 

180 

6.3 

10.6 

8.7 

26 


are different. The same relations observed between pulse form and the course 
of the ejection curve in the dog, hold for the human pulses. Curves d, e and / 
represent three low pressure pulses, again with narrow pulse pressures. Pulse 
/ is one of an oligemic form of shock. Despite the fact that the pulse pressure 
here is the greatest of the three, the short systole and rapid pressure decline 
curtail the ejection volume. Pulse e, on the other hand, is from a shock of 
neurogenic origin, and reflects a slowly rising but prolonged ejection. 
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SUMMARY 

On the basis of the pressure pulse contour, the distensibility of the aorta at 
different levels, and the pulse wave transmission time, the form of the ventricular 
ejection curve has been calculated for the dog and for man* Possible changes 
in aortic tone make insecure the stroke volumes derived from these curves, but 
should not influence their contours, which are found to agree fairly closely with 
cardiometer curves published in the literature. Such derivations show that the 
course of the ejection curve may vary markedly when the pulse pressure and 
total stroke volume remain the same. 
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The movements which the human body makes in response to the impacts of 
the heart and blood have been studied occasionally since 1877 (1-5). The 
application of modern methods of optical recording enabled Starr and his co- 
workers to analyze these body movements, and to make a quantitative recon- 
struction of internal forces which could give origin to such deflections (6-10). 
The ballistocardiogram, as it is called, records a headward movement of the 
body (H wave), followed by a strong footward movement (I wave). This is 
terminated and followed by a strong headward movement (J wave), after which 
there are several waves (K, L, M, N, 0) which may or may not die out completely 
before a second heartbeat. These later waves Starr regards as due to after- 
vibrations, produced by a quivering of the jelly-like body after the mainimpacts 
have acted. 

Starr’s calculations relate the size of the stroke volume to the size of the 
recorded I and J waves. For, from his analysis, the I wave is a reflection of 
the cardiac recoil from accelerating the blood upward into the aorta and pul- 
monary arteries. The J wave is the resultant of three forces: 1, that due to 
the deceleration of the stream in the heart, ascending aorta and pulmonary 
artery ; 2, the impact of blood upon the crown of the arch; and 3, the acceleration 
of blood down the descending aorta. 

Starr’s analysis is based on the assumption that the velocity curve recorded 
by Machella (11) depicts a pattern which is characteristic of the velocities 
developed in the aorta of man, and that this pattern does not vary in its time 
course whether the stroke volume be large or small. The Machella curve was 
obtained by the hot wire method. The dog’s chest was open and its heart rate 
was very rapid (over 240 per min.). Since the arterial pressure pulse was not 
recorded and since velocity ordinates were not given, one may question whether 
the curve was published as an example of the application of the hot wire method 
to a difficult situation rather than as a description of the aortic velocity curve 
of normal man. The fact that the I wave does not begin until the pulse wave 
reaches the lower carotid artery first led us to doubt the advisability of deriving 
the ballistocardiogram from a velocity curve that resembles one taken under 
the conditions that obtained during the Machella experiment. 

We have shown elsewhere (12) that by summating the uptake of successive 
segments of the aorta as a given pressure pulse wave passes out, and adding a 
volume for drainage, a cardiac ejection curve can be calculated which agrees 

1 The expenses of this investigation were partly defrayed by a grant from the American 
Medical Association. 
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in pattern with the curve traced simultaneously by a cardiometer. Both the 
cardiometer curve and the ejection curve derived from the pressure pulse contour 
would produce velocity characteristics altogether diiEferent from those of the 
Machella curve as interpreted by Starr (fig. 1, a). Moreover it is possible to 
reverse the procedure of calculation and derive a pressure pulse from the Machella 



Fig. 1. The construction of a theoretical force picture for the human ballistocardiogram. 
a. Solid line, a velocity curve based on a theoretical human ejection curve (12). Broken 
line, a Machella velocity curve, as redrawn by Starr (7) to linear co-ordinates. 6. The 
acceleration curve corresponding to the velocity curve given as the solid line in ct. c. 
Derived force curves: Solid line, the cardiac force attendant upon ejection. Broken 
line, the force representing movement of blood in the ascending aorta. Dotted line, the 
summated forces representing movement of blood in the three segments of descending aorta, 
d. Solid line, the summated derived force values. Broken line, the ballistocardiogram 
given by a high frequency ballistocardiograph (7) . Dotted line, the corresponding record 
from a low frequency ballistocardiograph (17). 

velocity curve. Since the data were not given, we had to assign, arbitrarily, 
diastolic pressure and velocity ordinates to the Machella curve. We chose a 
relatively low diastolic pressure (50 mm. Hg) and maximum velocity (40 cm. 
per sec.) which we have found to obtain in experiments involving considerable 
trauma and a very rapid heart. When these figures are used, the Machella 
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curve gives a pressure pulse contour that shows a slow pressure rise and rounded 
peak typical of a shock condition. But when normal figures for diastolic pressure 
and maximum aortic velocity are assigned, the calculated pressure contour is 
quite beyond our experience. 

We have presented elsewhere (12, fig. 2, a) an ejection curve derived from a 
normal human pressure pulse contour, with pressure values of 120/80 mm. Hg, 
and from the stretch measurements of a normal aorta taken from an undersized 
young woman. The stroke volume which is derived for this aorta is only 49 cc., 
in contrast to the 60 cc. which would be expected from the Grollman method (13), 
and the 80 cc. which we consider a more probable value (14, 15). Postmortem 
changes in the aorta may have restricted the aortic uptake and hence the total 
stroke volume to a figure that is less than would have obtained during life. 



Fig. 2. The construction of a theoretical force picture for the dog ballistocardiogram. | 

a. The derived force curves depicting the movement of the blood in the heart (solid), 
ascending aorta (broken), and descending aorta (dotted) accompanying cardiac ejection. < 

b. Solid line, the summated force values developed; broken line, an actual ballistocardio- 
gram, Rj a pressure pulse recorded optically from the root of the ascending aorta. P, 
a pressure pulse recorded from the femoral artery. 

Fig. 3. A derived and actual ballistic record for a length of Gooch tubing. Solid line, 
the derived force curve. Broken line, the recorded force curve. P and P' represent pres- ‘ 
sure changes at the two ends of the tube, as recorded by optical manometers. i 

However, it has been shown elsewhere (12) that while such factors affect the 
amphtude of the ejection curve, they do not affect its time course. ; 

Working on the assumption that the derived ejection curve has a physiological i 
reality in form, if not in total volume, we have attempted a construction of the 
cardiovascular forces attendant upon the ejection of blood and the propagation 
of the pulse wave through the aorta, which might give rise to the movements 
of the ballistocardiogram. The great complexity of the situation renders ; 
inadequate any simplified description of the energy changes. Many features 
must be taken on faith, others must be assumed. The scheme we have used j 
in this construction differs in some details from that used by Starr, but it seems ; 
more rational to us. It should be emphasized, however, that we make no j 
pretense of assembling a strictly quantitative measure of the forces involved. ; 
Our only hope is that the picture as developed will offer a clue to the timing of 
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the various recoil movements, and also to the modifications in the ballistocardio- 
gram which would accompany a change in the form of the ejection curve. As 
a first step, the velocity of blood leaving the heart in cm./sec. (table 1, column 4, 
fig. 1, a) was obtained by dividing the volume ejected during each 20 m.sec. 
interval, expressed as cc./sec. (table 1, column 2) by the changing cross sectional 
area of the orifice of the aorta (table 1, column 3). The table represents an 
abridged work-;sheet with various steps eliminated for sake of brevity. Figure 
1, a also shows a Machella velocity curve, as redrawn to linear coordinates by 
Starr, and given arbitrarily the same maximum velocity. 

The average velocity change over each 20 m.sec. time interval was nowplotted 
as an acceleration curve (fig. 1, &, table 1, column 5). To obtain a force curve 
reflecting this ejection, the acceleration values must be multiplied by a mass 
factor, and divided by 980. On the basis of several rather detailed analyses, 


TABLE 1 

The determination of the cardiac forces attendant upon ejection 


TIME INTERVAL 

EJECTION VOLUME 

CROSS SECTIONAL 
AREA 

VELOCITY 

ACCELERATION 

FORCE* 

in.sec» 

cc./^ec. 


cm./sec. 

cm./sec./sec. 

gtns. 

20 

130 

6.20 

21 

-1050 

-26 

40 

450 

6.90 

65 

-2200 

-55 

60 

470 

7.34 

64 

+50 

.+1 

80 

300 

7.45 

40 

+1200 

-1-30 

100 

270 

7.60 • 

30 

+500 

-f-13 

140 

110 

7.70 

14 

- +150 

-1-4 

180 

95 

7.80 

12 

+50 

+1 

240 

50 

7.65 

7 

+100 

+2 

280 

0 

7.50 

0 

+250 

+7 


* The product of acceleration (col. 5) /2 and a constant mass of '50 grams (see text). 


we believe a fair approximation to this force may be obtained if we assume that 
the whole of the stroke volume, contained within the heart, is accelerg,ted from 
zero to half the ejection velocity. Hence the mass involved is held constant 
at 48 (stroke volume) X 1.05 or 60 grams. The force curve obtained (table 1, 
column 6) is given as the solid line of figure 1, c. Using the convention of Starr, 
a footward recoil is given a negative sign, and plotted below the base line. 

Now the blood which has been ejected will follow either of two courses. It 
may go to distend the ascending aorta, in which case it will lose its longitudinal 
velocity, or it may displace a portion of the blood already contained in that 
part of the aorta. The forces producing these movements of blood should be 
marked by recoils to which the ballistocardiograph is sensitive. To assist in 
their formulation, the aorta has been divided into four general regions, such 
that each section will be traversed by the pulse wave in 20 m.sec. The fact that 
at a diastolic pressure of 80 mm. Hg the total transmission time is 80 m.sec. 
makes these four segments include the whole of the vessel from the heart to the 
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bifurcation of the iliacs. The first of these segments includes the ascending 
aorta and crown of the arch, the other three comprise the descending aorta. 

From the data upon which the ejection curve was assembled (12), it is a simple 
matter to calculate the velocity of blood entering and also leaving each segment 
at any given time. These two values are then averaged to give a mean velocity 
through the whole of the segment. 

The deceleration of blood which will distend each of the four segments will 
be reflected in four monophasic curves. In section one, this force will be head- 
ward, in the others, footward. These force values have been obtained by multi- 
plying the mass of the blood retained in the respective sections by the decelera- 
tion from the entering velocity to zero. 

For the force depicting movement of the blood through the tube, the mean 
acceleration value for the whole segment has been multiplied by the whole 
mass of the contained blood. The two force values so developed for each of 


TABLE 2 

The determination of forces attendant upon the movement of blood through the ascending aorta 


TIME 

INTEHVAL 

VOLtTME 
ENTERING | 

VOLUME 

RETAINED 

TORCE OE DE- 
CELERATION 
OF RETAINED 
BLOOD 

MEAN 

VELOCITY 

acceleration, 

THROUGH BLOOD 

MASS 

TORCE 


CC, 

CC. 

gMS. 

cm»/sec. 

cm,/sec,lsec. 

gms. 

gms. 

20 

2.6 

2.6 

- 1-3 

11 

-550 

84 

-47 

40 

9.0 

4.8 

4-17 

63 

-2600 

90 

-242 

60 

9.4 

4.6 

•fie 

81 

-900 

95 

-83 

80 

6.0 

0 

0 

69 

+600 

95 

+68 

100 

5,4 

0.1 

+2 

59 

+500 

95 

+48 

120 

2.5 

0.2 


30 ; 

+1450 

95 

+140 

140 

2.2 

0.2 


23 

+350 

95 

+34 

180 

1.8 

0.2 


18 

+50 

96 

+6 

240 

0.9 

- 0.1 


11 

+150 

95 

+14 

280 

0 

- 1.0 


3 

+250 

93 

+24 


the segments have been summated. In table 2 are given the calculations for 

the first segment of aorta with the final force values plotted in figure 1, c ( ) . 

The other three segments were treated in similar fashion, but all three forces 
were added to make a single curve for plotting purposes (fig. 1, c) (...). 

The various force pictures are now complete. In their summation, the forces 
attendant upon the ejection of blood from the heart should be multiplied by 
two, so as to include both ventricles. Forces developed in the pulmonary 
circuit must also be taken into account. The pulse wave velocity in the pul- 
monary arterial system is said to be similar to that of the first part of the aorta 
16) . The cross-sectional areas of the two vessels are similar, while the ascending 
portion of the pulmonary artery is about f the length of the ascending aorta. 
The forces developed for the first section of the aorta have therefore been multi- 
plied by i. The thrusts effected by the descending aorta probably have little 
counterpart in the bifurcate pulmonary system, where the later thrusts are in 
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several directions and mainly lateral. Only the aortic values have been used 
in the summation of the later thrusts. Lastly, to bring the force picture more 
in line with a normal, 80 cc. stroke volume, these values, determined on the 
basis of a stroke volume of 48 cc., have been corrected upwards by the ratio of 
80/48. Such a corrected curve is shown in figure 1, d. 

That our method of calculation may not be too greatly in error is seen from 
figure 3. A similar construction was made for a length of Gooch tubing, filled 
with water, which lay on a ballistocardiograph and in which a system of standing 
waves was generated. The expected and actual records are quite similar. 

For comparative purposes, the force pattern recorded by means of a high 
frequency ballistocardiograph of the type used by various earlier workers (3-6) 
and described in detail by Starr, is plotted in figure 1, d as a broken line. The 
recorded force was taken to be that represented by the average of Starr’s cases 
(7, table 1). A comparison can also be made with the forces required to impart 
velocity to the body which are recorded with a low frequency ballistocardiograph 
(1, 2, 17) (dotted line, fig. 1, d). The calculation for the latter was based on 
the electrically integrated velocity curve of Nickerson and Curtis (17), from 
which was derived an acceleration curve. By multiplying the weight of the 
body and bed by successive acceleration values, the force necessary to accelerate 
the body and bed was approximated. The force necessary to overcome the 
damping resistance was also added. This varied in proportion to velocity, and 
was approximated by determining the force which would cancel the momentum 
during the period of the bed. To this summated curve was added an almost 
negligible component representing the restoring force. 

There are two major discrepancies between the calculated and the recorded 
force patterns, that of onset time and that of amplitude. The recorded force 
b^ins consistently later than the initial force calculated from cardiac recoil, 
and the extent of the recorded force is less than that calculated as necessary 
to move the blood. This discrepancy is greater with the low frequency apparatus 
than with the high frequency. 

Initial lag. It is difficult to see why the initial deflection of the I wave should 
be delayed 20 m.sec. after the beginning of ejection, for even an imperfect recorder 
should start its first deflection without lag. One explanation which could be 
offered is that, dating, as we have, the time sequence from the carotid surface 
pulse, the estimated heart-carotid transmission time is in error. Dating from 
the apex beat, Bazett and associates (18) set the transmission time to the sub- 
clavian artery at 60 m.sec. On the basis of stretch measurements made upon 
our human aorta, this interval seems much too long. Our estimate would be 
that not more than 30 m.see. should suffice to the carotid, and it is upon such a 
figure that the reconstruction has been made. The comparison of a large 
number of ballistocardiograms with simultaneous carotid pulse records has 
led to the conclusion that the I wave starts, on the average, 6 m.sec. before the 
carotid pulse. If no time lag is present, this would require a heart to carotid 
transmission time of 5 m.sec., or a net pulse wave velocity of the order of some 
30M. per see. or more. 
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Another explanation for the delay of the start of the initial downstroke might 
be sought in the possibility that a relatively slow recorder such as the ballisto- 
cardiograph-body system might introduce delay in the record. Against this 
possibility is the fact that when the period of the recorder is changed from 0.14 
sec. to 14 sec. (17) there is no significant increase in the lag between the R wave 
of the electrocardiogram and the initial downstroke of the ballistocardiogram. 

A further possibility is that the delay in the appearance of the initial down- 
stroke is due to delay in the transmission of the stress through the body tissues. 
Against this are the results of experiments on models. When the recoil curve 
of the model to be described later is recorded by means of a ballistocardiograph, 
the downstroke is simultaneous with the beginning of ejection. This is true 
whether the ballistocardiograph be adjusted to a high or to a low frequency. 
Moreover, it is true if the model is laid against the belly of a human resting on 
the ballistocardiograph and in such a way that the forces generated in the model 
are transmitted through the soft tissues of his abdomen. 

Since the delay in the first downstroke cannot be explamed by the maimer 
in which the forces are transmitted or recorded, it is suggested that an explana- 
tion be looked for within the heart itself. The walls of the heart move during 
ejection, and so does the venous blood. The preponderant systolic movement 
of the heart walls is downward (19) and some at least of the venous blood moves 
downward during ventricular systole. These movements would give an upward 
recoil of the ballistic record. We see no way of ascribing to these recoils a 
quantitatively accurate force value. This upward force should begin in iso- 
metric contraction and continue for an undetermined period in early systole, 
and may account in part for the H wave. 

In the dog there are forces which play an analogous but more extensive role. 
The footward force upon ejection is more transient than in the human, so that 
the whole of the I wave, rather than merely its earlier parts, is cancelled. The 
ejection curve derived from the dog aorta and pictured elsewhere (12, fig. 1, d) 
was used in calculating a force curve in the manner outlined above. This 
force curve is shown in figure 3,5. Superimposed as a dotted line is the ballisto- 
cardiogram taken at the same time as the pressure pulse from which the ejection 
curve was calculated. The I wave is absent from the recoil curve, though the 
forces which should produce it are necessarily present. No explanation for 
the absence of the I wave in the dog and its delay in man comes to mind except 
on the basis of hypothesized canceling forces connected with the process of 
early ejection. 

The discrepancy in amplitude between the recorded forces and those necessary 
to move the blood is to be accounted for initially by the presence of the canceling 
force which delays the cardiac recoil. In addition there are the effects of viscous 
friction and the overcoming of momentum. All stresses which are put upon 
the recorder must be applied at the expense of movement of the cardiovascular 
system in rdation to the body, and of the body in relation to the bed. These 
movements are against viscous frictional resistance and involve loss of energy. 
The more slowly the force is developed, and the longer it is sustained, the more 
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closely will the recorded force approach what we believe to be the actual force. 
Hence the J wave shows better agreement than does the last of the I wave, and 
the J wave of the dog shows relatively more force than does the wave of the 
human. Since part, at least, of the J force is spent in overcoming the momentum 
of the I downswing, it is hard to defend the correctness of arbitrarily reducing 
the ballistocardiographic record by 40 per cent to compensate for- overfling (7). 

The situation is much the same in the case of the low frequency ballisto- 
cardiograph. It was held by Nickerson and Curtis that in the absence of a 
restraining force (stiff spring), the body would not be thrown into the vibrations 
which give the later waves of the ballistocardiogram. The validity of this 
approach is dependent on the notion that the later waves are passive after- 
vibrations. If, on the other hand, the later waves refleot forced movements 
occurring late in systole and in diastole, they will distort the later stages of the 
low frequency ballistocardiogram, and render its quantitation insecure. Several 
groups of data indicate rather strongly that forced movements do occur after 
the I-J complex is completed. 

First, we constructed a low frequency ballistocardiograph by suspending a 
light bed by long chains, and partly damped its oscillations by means of vanes 
in oil. The relative movements between the bed and the floor were recorded as a 
diphasic curve similar to that recorded by Nickerson and Curtis (17, fig. 2, a) 
(fig. 6). The relative movements of the body and bed were recorded by fixing 
the recorder on the bed, and recording directly from the head. The usual high 
frequency pattern appeared, with waves I to 0 (fig. 6). Moving the body 
relative to the bed therefore required energy not recorded by the bed. In other 
words, the forces overlap within the period of the recorder. It is not surprising, 
then, that only a part of the forces generated can ever be recorded. A larger 
part of these forces is recorded by a high frequency ballistocardiograph than 
by the low frequency device, but neither can be regarded as a perfect recorder. 

Secondly, a model of the heart and aorta was constru6ted of a wide-mouthed 
bottle and a length of Gooch tubing. Ejection was made by inflating a cloth- 
covered' balloon with air, which displaced water in the bottle and forced it out 
into the Gooch aorta. The whole was enclosed in an air tight glass jar, and the 
time course of ejection recorded plethysmographically with an optical capsule. 
Pulsations Could be recorded from the two ends and the middle of the '^aorta’^ 

The onset of ejection was accompanied by a downward thrust (fig, 5, a). 
Probably because deceleration from a nearly constant injection slope was 
gradual, an upward thrust during ejection cannot be segregated as a distinct 
entity. It is clear, however, that the timing of the later oscillations shows a 
definite relation to the pulsations in the aorta. When the aorta was straight, 
the period of the “standing wave^' and that of the ballistic waves were identical. 

In figure 5, 6 is shown a similar record made when the “aorta' ’ -was sym- 
metrically arched. In this case, “downward'' thrusts would be developed by 
pressure rises at either end of the tube, while “upward" thrusts would develop 
with a pressure rise at the top of the arch. Since pressure oscillations at the 
ends of the tube will be exactly reciprocal, and the forces will cancel each other 
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Fig. 4. A correlation between the period of the waves of the human ballistocardiogram 
and that of the aortic standing wave system, as obtained from the carotid and femoral pulse 
contours. 

Fig. 5. The ballistic record produced by the ejection of fluid in a model heart-aorta sys- 
tem. a. Records obtained from a straight ' ‘aorta”, and ?>, from an arched “aorta”. V — 
volume change; c— pressure oscillations at the central, orifice end of the tube; il/~-pressare 
change at the middle of the tube; D — pressure change at the distal end of the tube; B — 
the ballistic record. 


A, A 






■\ A 










Fig. 6. Top left, a ballistocardiogram showing free oscillations, as though ejection and 
standing wave thrusts were in phase. Top center, a record from the same individual show- 
ing rapid damping, as though the two systems were out of phase (see text). The simul- 
taneously recorded brachial surface pulse is given below the ballistocardiogram. Top right , 
a comparison between the records obtained from the low frequency ballistocardiograph and 
from the head of the individual (see text). Lower record, a ballistocardiogram, and cor- 
responding carotid pulse record taken from a patient with aortic coarctation. Time marks 
represent sec. 

the ballistic record now should follow only the pulsations in the arch, and have 
a frequency twice that of the standing wave. The record shows this to be true. 
It seems clear, therefore, that a well developed system of reciprocal pressure 
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oscillations at the ends of a tube can give rise to definite and predictable move- 
ments of the ballistocardiograph. 

One could hardly expect to find such an exact agreement between the standing 
wave of the aortic tree and the later ballistocardiographic oscillations. As 
w'as shown by Starr’s (7) experiments wfith cadavers, the viscous elastic mass 
of the body itself will show oscillations, after displacement, which have nearly 
the same frequency as that of the ballistocardiogram. Hence it is the body 
mass itself which, in large part, renders the ballistocardiograph but an imperfect 
recorder of rapid oscillations. The most that can be expected is that the pul- 
satile oscillations can modify the body oscillations. They cannot dominate 
them, and determine absolutely their timing. 

Thirdly, the fact that the later waves of the ballistocardiogram do not damp 
out readily is evidence in favor of the view that a series of thrusts are being made 
in the later parts of the cardiac cycle. Damping was found to be quite rapid 
in the cadaver (7). After an impact was given to the body, each successive 
oscillation was 60 per cent as strong as the preceding one. In the ballistocardio- 
gram, however, a series of two or three waves is often seen, in many successive 
cycles, in which there is little or no decrease in amplitude. On the other hand, 
sometimes the very opposite is seen, in which an established series of waves is 
abruptly brought to an end (fig. 6). It is as though the vascular and body 
oscillations were in phase and reinforced each other in some cases, and got out 
of phase and cancelled each other in other cases. In the case of the dog, the 
frequency of the pressure oscillations is so much greater than that of the body, 
that periodic waves are often not recorded by the ballistocardiogram at all. 
Even in the best of records, a correlation between the ballistocardiogram and 
standing wave appears only in diastole. 

Fourthly, a definite correlation exists between the pressure oscillations seen 
on central and peripheral pulse records, and the later oscillations of the ballisto- 
cardiogram. In presenting this evidence, it might be well to describe briefly 
the formulation of the various ballistocardiographic waves, as we understand 
them on the basis of the reconstructions which we have attempted. The H wave 
occurs after most of the forces concerned with flow in the lower part of the body 
have died out. It begins with cardiac movements that take place during iso- 
metric contraction. The H wave is the most variable of the various waves, 
even from cycle to cycle. This is in large part due, we believe, to the variable 
amount of cancellation of a definite headward thrust from the heart, by the 
persistent, poorly defined, footward thrust which accompanies the transfer 
of blood to the peripheral portions of the lower body. In many cases, the H 
wave does little more than return the body to the original base line (as deter- 
mined by equality of areas above and below, during a complete cycle). The 
I wave records the remainder of a partly cancelled footward thrust developed 
as blood is ejected from the heart into the ascending aorta and pulmonary artery. 
The delay is occasioned by the persistence of a headw’ard force which began 
before ejection. The J wave has a complex origin. As we have calculated the 
forces, it registers the deceleration of blood in the heart, ascending aorta and 
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pulmonary artery, and an acceleration in the descending aorta. The forces 
concerned have been considered in detail above. 

The K wave has not been considered in the analysis so far. It cannot be 
regarded as a simple afterfling of the body from the opposite thrust of the J 
wave for several very good reasons. First, it is often of greater magnitude than 
the J wave, which could not be true of a damped aftervibration. Second, the 
bottom of the K wave is, on the average, coincident with the peak of the femoral 
pulse curve (fig. 4). This coincidence is found when the standing wave period 
is long, as is the case when the subject is recumbent; also when the period is 
shortened by quickening the pulsewave velocity on assuming the erect posture 
(22) or by shortening the distance to the reflecting surface on occluding the 
arteries in the leg with a blood pressure cuff around the thighs. The standing 
wave period is shortened when the diastolic pressure rises. Starr (7, 8) and 
Page (23) have presented ballistocardiograms of h 3 rpertensive subjects which 
show a shorter than normal interval between the K and 0 waves. Records 
taken by them when the blood pressure was lowered through the use of depressor 
drugs (23), show a lengthening of the interval. 

Since the femoral pressure pulse is composed of a summation of the propagated 
wave with its earlier parts which have been reflected from the arterioles in the 
lower part of the body, we can time, from its peak, the time of maximal reflection. 
If our concept is correct, then, this time should also be that of the peak of a 
strong footward thrust which will be recorded by the ballistocardiograph. 

In the case of aortic coarctation, standing waves in the aorta do not develop. 
Blood pours asynchronously into the lower aorta through the collaterals, and 
the pulse pressure is less in the lower than in the upper aorta. The ballisto- 
cardiogram of such a patient shows little that is unusual in the I and J waves, 
but the K wave is very poorly developed (fig. 6). In this case it seems to be 
truly an afterswing. In many records it seems to be a plateau maintained 
above the rest level. It is certainly not a forced wave as is the normal K, 
which is simultaneous with the femoral peak (fig. 4). 

The L and M waves can best be considered together. Blood in the ascending 
aorta decelerates at the end of systole giving a headward thrust (fig. 1, c, d). 
There may even be a reversal of the direction of flow, which would emphasize 
this thrust. The effect of this reversal of flow we have not attempted to quan- 
titate. The headward thrust (L wave) will be cut short by a footward thrust 
as this reversed wave closes the aortic valves sharply. In addition, deceleration 
of blood in the descending aorta presents a footward thrust (fig. 1, c, d). Hence 
the peak of the L wave should be approximately timed to the incisura of the 
central pulse (fig. 4), and the M will follow the incisura by a variable interval. 
In aortic coarctation the M wave still persists as a strong footward thrust 
(fig. 6), even though deceleration of blood in the descending aorta would play 
little role. We can look upon the N wave only as an afterfling, for we have no 
internal force to which it can be attributed. Further, its appearance on the 
record does not suggest a definite thrust, as does, for example, the M wave. 

The 0 wave is synchronous with the diastolic rise of the femoral pulse curve. 
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and is believed, therefore, to have its origin in the reflection of the pressure 
wave at the arterioles in the lower part of the body. Hence the 0 wave is 
analogous to the K wave (see fig. 4). 



Fig. 7. Simultaneous recordings from a three-directional ballistocardiograph. 

Fig. 8. The influence of change in contour of the ejection curve upon the calculated force 
pattern. The ejection curves corresponding to three different normal pulse curves (a, 
c) and three curves from patients in shock (d, e, /) are given. Under these ejection curves 
are given the corresponding derived velocity curves, and the total forces which presumably 
will give rise to the ballistocardiogram. The areas under the derived force curves are as 
follows: 


Curve 

Stroke 

Volume 

cc. 

I Wave 

J Wave 

I and J 

a 

48 

235 

481 

416 

h 

47 

240 

212 

452 

c 

47 

105 

169 

274 

d 

26 

125 

101 

226 

e 

23 

52 

31 

83 

f 

25 

161 

157 

318 


Lastly, there is evidence of another sort that the forces which determine the 
later waves of the ballistocardiogram are related to the standing wave system. 
By three different simultaneously recording systems, we have followed the 
moveinent of the bed: a, headward and footward; b, right and left; c, dorsal 
and ventral. From a comparison of the records, several facts are apparent 
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(fig. 7). First, the direction of the force giving rise to the I wave is ventral, 
to the left, and footward, which is as might be expected from the position of 
the heart. The force giving the J wave is in the sanje axis, but headward. At 
some time past the peak of the J wave, the actual time being variable, the direc- 
tion of movement changes, so that later waves are almost straight headward 
and footward, with but minor deflection to right or left, or dorsal or ventral. 
Hence two components seem to be involved. The first is related to the heart 
forces, the other, to a force effective along the long axis of the body, seemingly 
along the aorta. 

From the above it appears that the forces involved in ejecting the blood are 
recorded with an unknown degree of diminution in the ballistocardiogram. It 
is next appropriate to find out whether these forces vary quantitatively with 
the stroke volume when the ejection curve is varied in form in such a manner 
as to produce the pressure pulse contours which are formed in ordinary 
experience. 

The effect of changes in ejection contour upon the recoil curve was first investi- 
gated by means of the models described above. In the experiment shown in 
figure 5, b, the inflation was cut short so that the total ejection was reduced to 
f or I of the previous amount. This had no effect upon the recoil curve as long 
as ejection started off at the same rate. A smaller recoil curve could be had by 
initiating ejection more gradually and a larger one by initiating ejection more 
suddenly. 

The variations in the human ejection contour greatly modify the relation 
between stroke volume and the ballistocardiographic forces. For example, 
in figure 8 (a, h, c) are shown three representative ejection curves for a human 
with diastolic pressure of 80 mm. Hg. The first (a), which was used to demon- 
strate the method of calculation (fig. 1), (12, fig. 2, a, b, c) corresponds to a 
central pulse which has an initial rapid pressure rise, a prominent “shoulder’^ 
and a pressure plateau until shortly before the incisura. Curve b is representa- 
tive of a pulse which shows an almost constant pressure rise, reaching its peak 
very late in systole. Curve c is one with a pressure peak early in systole. 
Velocity curves derived from such ejection curves are, of course, quite different 
(fig. 8). Similarly, the calculated recoil forces are quite different. The areas 
under the I-J deflections as outlined show rather wide variations, although the 
stroke volumes of all three curves are the same. 

Lastly, suppose we take three ejection curves representing three types of 
shock pressure pulses (12, fig. 2, d, c, /). Again the derived force picture differs 
appreciably for the three curves, and the magnitude of the calculated deflection 
changes while the stroke volume remains the same (fig. 8, d, e, /). In fact, the 
areas of I and J for curve f would indicate a stroke volume ahnost as great as for 
the normal pulses. That such variations in the contours of ejection affect the 
actual ballistocardiogram is indicated by the fact that Cournand ei al. (14) have 
shown that the ballistocardiogram indicates a stroke volume that is altogether 
too large in some cases of shock. 
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SUMMARY AND CONCLUSIONS 

The forces necessary to accelerate blood during systole were found to be 
greater than those recorded by the high frequency ballistocardiograph and to 
exceed still more those recorded by the low frequency instrument. 

The later waves of the ballistocardiogram are forced movemetits and not 
merely afteroscillations of the body. The forces producing these forced move- 
ments are described in the text. 

Ejection curves calculated from aortic uptake and drainage with normal and 
abnormal pressure pulse contours are as variable as the pulse contours them- 
selves. The velocity, acceleration, and force curves differ widely in relation 
to the stroke volume. 

Calculation of the cardiac output from the ballistocardiogram is therefore an 
empirical procedure and the values arrived at should be looked at as comparative 
rather than absolute. This does not deny the clinical value of the ballisto- 
cardiogram but indicates the need of an elaborate empirical research program 
to evaluate ballistocardiographic patterns in terms of disease and prognosis. 
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It is well known that animals and men can adapt themselves or develop a 
tolerance to a wide variety of stresses such as drugs, toxins, etc. Selye, in 
particular, has studied the nature of such adaptational processes and Has stressed 
the features that are common to all of them (1). The observation has recently 
been added that animals can be adapted, by prior conditioning with sublethal 
stimuli, to withstand amounts of trauma which otherwise would produce lethal 
shock (2). 

We had occasion to investigate the possibility that animals could develop 
a resistance to the toxic effects of excess water. It was found that they could 
do so as shown in the experiments described below. The only other recorded 
reference to this sort of phenomenon of which wn are aware is that provided by a 
single sentence in Adolph’s monograph (3): “Thus, repeated administration of 
water to a dog results in greater rates of urinaiy output at the same water excess 
(Kiugsley)*” We were apparently working in part with the same phenomenon 
here. 

Methous. Male rats approximating 175 grams in body weight were used. 
The methods were all the same as those used in previous experiments (4, 5). 
Distilled water warmed to body temperature was given in doses of 3‘cc. per 100 
sq. cm. of body surface to rats kept in individual metabolism cages. This 
dose amounts to 8 cc. for a 175 gram rat. The water was given through a stom- 
ach tube made of an 18 gauge hypodermic needle with a small bulb (2:3 mm. 
diam.) at the tip. An 18 hour fast preceded the tests. In diuresis experiments 
two, or five doses of water were given at hour intervals; in intoxication experi- 
ments water was given at half-hour intervals imtil death or until *13 doses had 
been administered. Control and treated animals in approximately equal num- 
bers, generally in groups of 6 each, were always tested simultaneously. Individ- 
ual animals show a rather high variability (4) in experiments of this sort, but in 
any experiment in which significance is clear the average results of any one day’s 
experiment will not differ qualitatively from those of another day, and when they 
do not so differ the results are referred to subsequently as “consistent.” *No 
significance is claimed for those apparent differences in over-all averageswhich 
were not seen consistently in successive experiments. It might be mentioned 
incidentally that the individual variability in such diuresis experiments would 
be much less apparent if the conventional method of grouping 4 animals to a cage 
had been used. 

In those experiments in which 13 doses of water were used the statistical 

^ Aided by a grant from the Josiah Macy Jr. Foundation. 
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analysis was made on the figures obtained at the fifth hour rather than on those 
obtained terminally because at that time practically all animals were still alive. 
By the end of the experiment the number of animals was oftentimes greatly 
reduced particularly among controls, and the figures quoted represent in part a 
carry-over from previous hours. 

The mortality figures include all animals dying wdthin 24 hours of the end 
of an experiment. Body temperature figures were not obtained in all cases 
because suitable specially-made thermometers could not be obtained while 
some of the experiments were being conducted. 

Technique for adaptation. To adapt animals to water one dose of water was 
given on the first day, two on the second, three on the third day, etc., until five 
doses were given on the fifth day. All of these adapting doses were given at 
half-hour intervals and without preliminary fasting. This treatment had little 
deleterious effect on the animals except that there w’^as some decrease in the usual 
weight increment. 

After the five doses of water were given on the fifth day, the animals were 
fasted the usual 18 hours, and on the sixth day given either two, five or thirteen 
doses of water and their responses compared with the two types of control 
animals described below. 

No systematic attempt was made to determine if routines other than the one 
described would provide a more effective adaptation, but a few attempts to 
shorten the priming procedure indicated that less successful results were thus 
obtained. 

Controls. Control animals were taken from stock cages at the same time as 
those adapted to water and all received identical care during the preliminary 
procedures. One type of control was simply a normal rat which had received 
no previous treatment. The second type consisted of rats in which a stomach 
tube had been inserted at the same time and at the same intervals that water 
had been given to the water-adapted animals. 

Results. The most clear-cut results were obtained when the adapted animals 
were tested for their resistance to 13 doses of water. As shown in figure 1 and 
table 1, series 1, they were far superior to normal controls in the rate at which 
water was eliminated, in their maintenance of body temperature and in their 
survival. Since the extent and degree of a developing state of water intoxication 
is most reliably indicated by changes in body temperature (4), particular im- 
portance is attached to the relatively slight fall in adapted animals. Mortality 
figures are less consistent and less reliable in general but the differences were of 
unmistakable significance here. To casual observation other signs of water 
intoxication were minimal; the typical convulsions were seen, generally in mild 
form, in only 30 per cent of the cases whereas they occurred in over 90 per cent 
of the controls. 

Rats which had been adapted to the passage of a stomach tube, but not to the 
receipt of water, showed a completely intermediate response in all respects. 
The differences in the amoimt of water excreted by normal and stomach tube- 
adapted animals at the fifth hour failed by a fraction to exceed twice the standard 
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Fig. 1. Showing the rate of water excretion, mortality and changes in body temperature 
in rats given up to 13 doses of water at half-hour intervals. The average water dose was 8 
cc. ‘^Normal** refers to rats untreated previously; “Stomach Tube’^ to those adapted to 
receiving a stomach tube; “Water” to those adapted to receiving water by stomach tube. 
Additional data are given in table 1. 


TABLE I 

Effects of various treatments on response to water ingestion 


SERIES 

NO. 

TYPE OF ANIMAL 

NO, 

RATS 

PER CENT WATER 
EXCRETED AT 
FOLLOWING HOURS: 

BODY TEMPERATURE (*F.) 

AT FOLLOWING HOURS: 

PER 

CENT 

DIED 

Cl. EXC.f 
(as MGM. 

NaCI) 




3rd 

5th* 

6th 

|6.S 

3rd 

stht 

6.5t 


Water-adapted and stomach tube adapted: Given 13 doses of water 


1 

Water-adapted 

Stomach tube adapted 
Normal 

30 

23 

23 

49 

41 

34 

62=fc2.9 
47dbl.9| 
41 =h2.5 

62 

45 

39 

i 

98.5 

95.8 

93.2 

95.3 dbO.67 (18) 1 
91.9 ±0.59 (17) i 
87.8 ±0.58 (23) 

93.5 (17) 

89.8 (15) 

87.8 ( 4) 

3 

48 i 
83 I 

1 

49.6 (12) 
67.1 (12) 
61,0 (11) 

Water-adapted, yasopre^in-treated: Given 5 doses waterf 

2 i 

Adapted ■+• vasopressin 

18 

6 

19 


i 

i 


90.7 ±0.92 


22 



Normal -f vasopressin | 

i 

18 

11 

21 


i 

1 


87.5 ±0.46 


50 



Water-adapted, adren^ectomized: Given 5 doses of water 


3 

Adapted adxenalect. 
Normal adrenalect. 

17 

19 

42 

36 

37 ±3.5 
31 ±3.7 



98.4 

97.5 

95.9 ±0,97 

93.9 ±0.89 1 


6 

0 


Adapted to intraperitoneal glucose: Given 13 doses of water 

II 


li 

41 

45 

47 

52 

95.2 


88.7 (6) 

50 

52.5 

II 


n 

i 35 

1 

41 

42 

46 

92.6 

88.2 ±0.76 (13) 

86.4 ( 3) 

75 

68.1 


Standard error included. 

f Numbers in parentheses indicate number of animals on which determinations were made if less than total 
number of group. 

t Normal rats given 5 dcxses of water show slight if any changes in body temperature and excrete from 65 to 70 
per cent of the water given at the fifth hour (Gaunt, 1944). 
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error of the difference between the means; they were, however, consistent and 
appeared in the averages of every experiment. In any case the differences in 
body temperature were certainly significant. In addition the animals adapted 
to receipt of a stomach tube showed greater apparent well-being, fewer convul- 
sions and smaller mortality than normal controls. 

Small doses of water. When either two or five doses of water were given to the 
water-adapted and control animals the excretion rate was again in mean terms 
higher in the former. The differences did not appear in every experiment, how- 
ever, and significance is not considered to be established. 

Chloride excretion-table 1, Chloride excretion tended to be lower in water- 
adapted than in control animals. This was likely because part of the store of 
chloride was lost in the diuresis associated with the adapting procedure of the 
day before the test — a loss shown to be suflScient to reduce plasma levels slightly. 
Since salt depletion increases sensitivity to excess water this makes the greater 
resistance of water-adapted animals all the more impressive. 

Resistance to water intoxication in vasopressin-treated rats — table 1, series 
Attention has been called to the fact that the resistance to water intoxication is 
determined in part by factors other than variability in the diuretic rate (6, 7). 
This was particularly well illustrated when diuresis was inhibited in water- 
adapted and control animals by injections of pitressin tannate-in-oiP given simul- 
taneously with the water. 

Five doses of w^ater were given at hour intervals since that is sufficient to 
produce toxic symptoms under these conditions. The effect of the vasopressor 
principle in inducing susceptibility to water intoxication had been long since 
demonstrated by Rowntree (16) . Subcutaneous injections of 0.05 unit of pitres- 
sin (in 0.05 cc. of oil) were given with the first dose of water and repeated with 
the fourth dose. 

The results show that the increased diuresis usually seen in adapted animals 
can be fully inhibited by vasopressin. Adapted and normal animals excreted 
the same amounts of water or, stated otherwise, retained the same amounts of 
water — a fact checked by body weight figures. 

In addition, although similar amounts of water were retained, the adapted 
animals showed less marked signs of water intoxication than normal animals as 
judged again by general appearance, survival, and significant differences in body 
temperature. 

Effect of adrenalectomy upon acquired resistance to water intoxication — table 
i, series 3, Since it has been shown that the adrenal cortex is a factor of great 
importance in the maintenance of normal water diuresis and in resistance to the 
toxic effects of water and that a hyper-normal resistance can be produced by 
administering cortical hormones to intact animals (4), it is possible that the 
acquisition of resistance seen here may be mediated through increased activity 
of this gland. Our experiments are not conclusive on this point, but it is clear 
that the adaptation was largely if not entirely lost when the adrenals were 
removed, 

* Pitressin tannate-in-oil was kindly supplied us by Dr, Oliver Kaimn, of Parke, 
Davis & Company, Detroit, 



ACQUIRED RESISTANCE TO WATER INTOXICATION 


575 


Animals were adapted in the usual way, adrenalectomy then performed, and 
their response to five doses of water, an amount suflS-cient to produce toxic 
s 3 rmptoms after adrenal ablation, determined 18 hours later* The rate of 
diuresis and the maintenance of temperature was in all series a little better 
in the adapted animals than in the non-adapted adrenalectomized controls. 
Statistical significance of the differences, however, was not clear. The suggestion 
of a positive result is reminiscent of the carrying-over of resistance to other 
stresses after adrenalectomy as reported by Selye (14). 

Effect of (KicLptation to intraperitoneal glucose on resistance to water intoxication — 
table series Jf,, The question arose as to whether the acquired resistance to 
water was specific, as seems to be true of the resistance to trauma (2), or whether 
it was a non-specific resistance to stress in general as seen in Selye’s cases (1). 

To test this question animals were adapted to a different type of stress, namely, 
the severe effects of intraperitoneal glucose injections. The following procedure, 
shown by Reiss et dl. (8) to produce resistance to the shock-inducing effects of 
intraperitoneal glucose solutions, was used: on four alternate days 1,5 cc. of 
40 per cent glucose solution per 100 grams body weight were injected intraperi- 
toneally. On the second day after the last glucose injection water intoxication 
tests were made. 

There was again a consistent and slight superiority of the glucose-adapted 
animals when compared with normal controls. The differences in water excre- 
tion were not significant and those in body temperature failed slightly to reach 
acceptable criteria of significance, i.e., the P value of Fisher exceeded 0.05. 
The existence of a true difference would be consistent with the interpretation of 
related experiments by Karady et al, (15). The important point is, however, 
that the glucose-treated animals did not get along nearly as well as those adapted 
to water; and it can be concluded that while the acquired resistance to water 
administration may be in small part a resistance to stress in general, it is largely a 
resistance to water (plus stomach tubing) in particular. 

Discussion. It might be considered that a nonnal animal, hydrated to the 
limit of tolerance, would excrete water at the maximal possible rate if its survival 
depended on it. There are, however, numerous factors which can increase this 
^^maxima?’ diuretic rate of normal animals. Various hormones — adrenal cortical 
(9, 4), thyroxin (5) and epinephrine (6) — can effect such an increase above 
normal levels. In addition it is shown here that an adaptation to water adminis- 
tration, to the passage of a stomach tube and perhaps to glucose injections have 
the same general result. It might be thought that these latter influences act in a 
non-specific manner by increasing resistance to stress in general, since various 
other non-specific stresses have been reported to influence in similar fashion the 
diuresis induced by intravenous saline (1 5) . This idea does not seem to be borne 
out, however, when the different order of effectiveness of the different influences 
studied here is considered. Thus, while glucose-adaptation was not clearly 
helpful, stomach-tube adaptation was, but the latter much less effective in turn 
than water (plus stomach tube) adaptation. Judging by superficial appearances 
one would think that the glucose injections would provide the most intense and 
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drastic of these stimuli. Something more seemed to be involved than a non-speci- 
fic ^^alarm reaction.’’ 

The increased rate of diuresis seen in animals adapted to water is not the only 
cause, and perhaps is only the consequence of the increased resistance to water 
intoxication. Evidence for this is seen in these and in previous experiments. 
When water intoxication is established in severe form (low body temperature, 
etc.) diuresis subsides as we and others (16) have seen; if the toxic symptoms do 
not appear in severe form rapid diuresis continues. Some diuretic agents 
— e.g., epinephrine (6) — ^are weak in preventing water intoxication. Ad- 
renal cortical hormones, on the other hand, have slight if any effect on the un- 
complicated diuresis that follows the administration of small doses of water; but 
when large doses of water are forced they can prevent water intoxication and 
this is associated with but not necessarily caused by an increased diuresis. In 
animals adrenalectomized for a week doses of cortical hormones sufficient to 
palliate water intoxication have slight if any effect on the very sluggish water 
excretion (Gaunt, 1944; Hays and Mathieson, 1945). The fact that the aug- 
mented diuresis seen in water-adapted animals is much more apparent after 
large than small amounts of water is also perhaps largely due to a reduction in 
the ^^toxicity” of water which permits diuresis to continue. Hence, as also seen 
in the experiments with vasopressin, there are factors in the resistance to excess 
water independent of the rate of diuresis. 

The adaptation provided by mere passage of a stomach tube is of some special 
interest. The insertion and withdrawal of a stomach tube, in experienced hands, 
can be done in a few seconds and appears to be an innocuous act. It is, however, 
probably somewhat painful and in animals unaccustomed to it produces excite- 
ment. An attractive but possibly misleading explanation is suggested by the 
finding of Theobold (10), elaborated by Theobold and Vemey (11) and more 
recently by Haterius (12) and Hare (13) that afferent stimuli can be antidiuretic 
influences. (The reflex mechanism involved possibly works through the neuro- 
hypophysis (11, 12) although Hare suspects other means.) The passage of a 
stomach tube might be expected to serve as such an antidiuretic sensory excitant, 
and if so the adaptation to a stomach tube could be due to the abolition, through 
loss of fear and reduction of excitement, of these antidiuretic reflexes. 

Whether such influences are reaUy of importance or not, depends upon whether 
the resistance to water in these cases was actually due to an increased diuresis. 
Since the increase in water excretion in the animals adapted to a stomach tube was 
of questionable significance, as well as for reasons discussed above, the r61e of 
diuresis per se can be questioned. 

The experiments on adrenalectomized animals show again that water diuresis 
is severely inhibited in the absence of adequate amounts of cortical hormones. 
Our results do not completely preclude the possibility that the adaptation to 
water reported here is largely a reflection of an increased adrenal cortical activity, 
but it is equally or more probable that the adaptive mechanism, whatever it may 
be, is simply unable to act when cortical hormones are not present. The latter 
interpretation receives support from the fact that one difference is apparent 



ACQUIRED RESISTANCE TO WATER INTOXICATION 


577 


between the protection afforded by water adaptation and that provided by an 
excess of cortical hormones: the increased rate of diuresis in adapted animals, as 
seen above, can be fully inhibited by pitressin, while that in animals given cortical 
hoimones is only partially inhibited (unpublished observations). 

SUMMARY 

By administering water orally in increasing but non-toxic doses for five days, 
the resistance to water intoxication can be increased well above normal in rats. 

This acquired resistance is due partly but not entirely to adaptation to the 
effects of passage of a stomach tube. Adaptation to damaging doses of intra- 
peritoneal glucose solutions provided slight if any protection against water intoxi- 
cation. 

The resistance to water intoxication in adapted animals was not dependent 
entirely upon the characteristically increased rate of diuresis. When diuresis was 
inhibited by vasopressin adapted animals were shown to have less marked toxic 
symptoms at a given water load than normal ones. It was not clearly estab- 
lished that there was an increased rate of diuresis in adapted animals given 
small nontoxic doses of water. 

Removal of the adrenal glands abolished largely the protective effects of 
adaptation to water, but the conclusion is not justified that the adaptation was 
mediated through the adrenals. 
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Increasing the pressure on the portion of the spinal cord which gives rise to 
the thoracico-lumbar (sympathetic) outflow elicits a great rise in blood pressure, 
presumably brought about by asphyxial change in the spinal cord. This par- 
ticular observation has not been reported, although a great deal of experimental 
work has been done on the effects on blood pressure of acutely increased intra- 
cranial pressure. In somewhat fewer number studies on general asphyxia in 
the spinal animal have been published, and within the last fifteen years some 
investigations on the functional effects of compression-produced asphyxia of 
the spinal cord below the lower thoracic region have been conducted. 

We shall describe here the blood pressure response which results when the 
spinal cord is subjected to acutely increased pressure, and compare this response 
mth that obtained in the same animal by raising the intracranial pressure. 
The comparison was made possible by the fact that under our experimental 
conditions increased intracranial pressure was not effectively transmitted to the 
vertebral canal. 

Methods. The operative and subsequent experimental procedures were 
performed as acute experiments on cats anesthetized with chloralosane, 55 to 
65 mgm. per kgm. The trachea was caimulated at the start of the proceedings. 
Artificial respiration was instituted after all preparatory steps were finished and 
was maintained at a steady level throughout the remainder of the experiment. 

Blood pressure was taken from the femoral artery and measured with a 
mercury manometer the inside diameter of which was 2.5 mm. A change in 
blood pressure of 200 mm. Hg would require the exchange of 0.5 cc. of fluid 
between the blood vessel and the cannula. A solution of 4 per cent sodium 
citrate introduced from a small syringe connected to the system was used spar- 
ingly to prevent clotting. 

The pressure on the spinal cord was increased in most experiments by forcing 
0.9 per cent sodium chloiide solution into the spinal dural sac. For this pro- 
cedure, the dura was slit open transversely at the lower level of L4 segment. 
A portion of spinal cord about 1 cm. long extending rostrally from the dural slit 
was removed from within the dura and a glass cannula tipped with a thin-walled, 
side-perforated piece of metal tubing was tied into the dural sac. 

1 The work described in this paper was done under contract, recommended by the Com- 
mittee on Medical Research, between the OflSce of Scientific Research and Development 
and Northwestern University. 

2 On temporary leave of absence from the Department of Anatomy, Duke University 
Medical School, Durham, North Carolina. 
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Intracranial pressure was increased by forcing 0.9 per cent sodium chloride 
solution into the cranium through a brass cannula screwed tightly into the 
parietal bone. The tip of this cannula was perforated at the sides only, and with 
the cannula in position these vents opened subdurally. 

Fluid pressure was generated and controlled by means of a sphygmomanom- 
eter bulb connected to the air space above the fluid in a small aspirator bottle. 
The tube leading from the bottle branched dichotomously at three points. 
The first side branch connected to a mercury manometer which was provided 
with a scale for direct reading of pressure. The second side branch led to the 
manometer which recorded on the kymograph. From the third point of divi- 
sion one branch was connected to the spinal intradural cannula and the other to 
the intracranial cannula. 

Results. In an early experiment in which the vertebral column was intact 
and only the intracranial cannula was in place, intracranial pressure was raised 
and released repeatedly over a stretch of four and one-half hours. At about the 
middle of this period intracranial pressure was maintained at a level well above 
blood pressure for 15 minutes. At no time subsequently did increase of intra- 
cranial pressure cause any blood pressure elevation. At the end of the four and 
one-haK hour period the dorsal atlanto-oecipital membrane was exposed. Part 
of the vermis of the cerebellum and the caudal part of the medulla could be 
seen to be herniated through the foramen magnum. When the dorsal atlanto- 
occipital membrane and the dura were remoVed no excess fluid escaped. The 
parietal cortex herniated somewhat through a trephine hole when the dura was 
incised. The cranial half of the dorsal arch of the atlas was rongeured away and 
the spinal cord was severed through the cranial part of Cl segment. The brain 
was removed and found to be very edematous and riddled with punctate hemor- 
rhages. Thus, it seemed that the brain had been quite effectively destroyed 
by asphyxiation. The brass intracranial cannula was screwed into the cranial 
opening of the vertebral canal, destroying the cranial one or two cervical seg- 
ments of the spinal cord. When the pressure in the vertebral canal was raised 
through this cannula, blood pressure rose from 40 mm. Hg up to 110' mm. Upon 
a subsequent increase in pressure in the vertebral canal the blood pressure 
rose from 31 mm. Hg up to 107 mm. The experiment was concluded when the 
animal was inadvertently asphyxiated. There was no blood pressure rise 
accompanying this general asphyxia. Post-mortem laminectomy was performed 
at about TIO. When fluid was forced through the cannula at the upper end 
of the vertebral canal it escaped freely from the extradural space at the site of 
the removed laminae, and when the dura at this site was opened the fluid es- 
caped more readily still from the subdural space. 

In all the remaining experiments the pressure on the spinal cord was applied 
through a cannula attached as described in the section on Methods, Preliminary 
experiments showed, as was expected, that fluctuation of spinal intradural 
pressure produced by introduction of fluid at the level of L3 segment appeared 
instantly and without diminution in a mercury manometer attached intradurally 
at the level of C6 or 7 s^ment. 
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Figure 1 shows clearly that the blood pressure level assumed when spinal 
intradural pressure was raised was very definitely a function of the relative level 
of the spinal intradural pressure. In this experiment, the dura was tightly 
ligated at T3, severing the enclosed spinal cord. Thus the dural sac into which 
the cann ul a led contained a length of spinal cord extendii^ from the middle of 
T3 to the middle of L3. In that portion of the experiment during which was 
obtained the record of which figure 1 is a segment, the spinal intradural pressure 
was increased stepwise from the normal level to 174 mm. Hg over a period of 
11| minutes. The mean blood pressure rose from 72 mm. Hg to 186 mm. Hg, 
always assuming a level above the spinal intradural pressure. In this cat the 
vagus nerves were intact. Reflex cardiac inhibition, if present, did not assert 
itself above other factors which resulted in an increase in heart rate. 

In other experiments the brain was asphyxiated by prolonged compression 
and the spinal intradural pressure was then elevated without confining it to a 
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Fig. 1. Description in text above. This is the only animal which was not given artifi- 
cial respiration. Respiration was recorded by means of an intrathoracic trocar connected 
to a tambour. 

In all figures the single signal on the base line indicates the injection of 0.1 to 0.2 cc. of 
sodium citrate solution into the blood pressure recording system. B.p, is the blood pres- 
sure tracing and S.i.d.p. is the record of spinal intradural pressure. The numbers in- 
scribed above the blood pressure tracing indicate the magnitude of the blood pressure at 
that point. The numbers below the tracing are heart rate in beats per minute for a 10 
second interval in the tracing above the number. 

closed spinal dural sac. Upon other occasions a ligature severing the spinal 
cord and closing the dural sac was placed at C6 or 7. In one oat the brain was 
asphyxiated and blood pressure responses to raised spinal intradural pressure 
were recorded. Then a ligature was tightened at C6 and blood pressure re- 
sponses were again recorded. In all these experiments the vagus nerves were 
cut, through or just above the inferior ganglion. Spinal intradural pressure 
was raised within a fraction of a second to two minutes to a level exceeding the 
maximum blood pressure level attained, and was maintained for from one to 
three minutes. 

Results were essentially the same in all preparations (%. 2). The initial 
blood pressure levels ranged between 40 and 100 mm. Hg. Blood pressure in- 
creased rapidly when spinal intradural pressure approached the mean blood 
pressure. Ma ximum absolute blood pressure values attained ranged between 
175 and 260 mm. Hg and the increments ranged between 120 and 185 mm. Hg. 
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The blood pressure was maintained at a plateau approximating the maximum 
value for from one to two and one-half minutes while the spinal intradural 
pressure was held above it. Then it began to decline rather rapidly* Repeated 
elicitation of the response and periods of asphyxiation of the spinal cord dimin- 
ished the response. 

If the spinal cord was still in good condition, the heart rate was augmented 
during the greater part of the pressor response. The maximum increment of 
between 26 and 84 beats per minute usually occurred after the first 40 or 50 
seconds of the time that the blood pressure was at its plateau. If the blood 
pressure rose at the rate of at least 5 or 10 mm. Hg during the first 10 seconds 
after the elevation of spinal intradural pressure, the heart rate usually dimin- 
ished by 2 to 6 beats per minute during the first 10 seconds. The greatest 
slowing occurred during the first half of this 10-second period; during the second 
half the rate usually began to pick up and continued to accelerate if the blood 
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Fig. 2. The dural sac was closed and the spinal cord severed at C6 by a ligature. Two 
responses to increased spinal intradural pressure were elicited previous to the one re- 
corded above. 

pressure climbed steadily. The maximum heart rate, however, never occurred 
until after the blood pressure had leveled off at its plateau. 

In these same experiments, a rapid release of spinal intradural pressure before 
the blood pressure began to fall resulted in a decline in blood pressure, usually 
of immediate incipiency, often accompanied by a cardiac acceleration of 3 to 6 
beats per minute lasting for about 15 to 30 seconds. 

This slight cardiac deceleration or acceleration often occurred also when the 
blood pressure increased or decreased abruptly during secondary fluctuations 
in spinal intradural pressure; when the blood pressure fell from its maximum if 
the pressor response had spent itself under a maintained spinal intradural pres- 
sure; and when the blood pressure rose abruptly in response to section of the 
cervical spinal cord or to caudally directed traction on the dura in the upper 
lumbar region, and then fell again. 

When the spinal cord was somewhat deteriorated following repeated episodes 
of increased spinal intradural pressure or when the cord had been partially as- 
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phyxiated by a prolonged period of compression, an increase in spinal intradural 
pressure produced a good pressor response, albeit sometimes slightly reduced, 
with little or no cardiac acceleration (%s. 3 and 4). 

Both adrenal glands were removed intact from an animal at a time when the . 
central nervous system was partially deteriorated and heart action was poor. 
Blood pressure was 45 mm. Hg. Spinal intradural pressure was raised to 100 
mm. Hg whereupon blood pressure went to 112 mm. When the spinal intra- 
dural pressure w'as released the blood pressure fell to its original level. This 
response was elicited several more times. 

When pressure was raised through the intracranial cannula and the pressure? 
in the spinal dural sac was measured through the spinal intradural cannula, it 
was found that the spinal intradural pressure reached a maximum of 35 mm. Hg 
when the intracranial pressure stood at 175 mm. Hg. No further rise of spinal 
intradural pressure occurred when the intracranial pressure was elevated gradu- 
ally to a peak of 250 mm. Hg. 

Pressor responses were compared in cats in which intracranial and spinal 
intradural pressures could be raised independently or amultaneously and in 
which both vagus nerves were sectioned and carotid sinuses and bodies dener- 
vated. In general, increased spinal intradural pressure evoked elevation of 
blood pressure to absolute levels as high as or only slightly lower than those 
accompanying increased intracranial pressure. The blood pressure increment 
tended to be somewhat greater in increased spinal intradural pressure than in 
increased intracranial pressure because of the lower initial blood pressure level 
in the former condition. The highest absolute blood pressure values occurred 
when intracranial and spinal intradural pressures were raised simultaneously, 
perhaps because this was the first response tested. In other aspects the pressor 
response to elevated intracranial pressure was the same as that already described 
for spinal intradural pressure except that the heart rate usually was not ac- 
celerated as greatly and the response clearly suffered more from repeated elici- 
tation and prolonged asphyxia (fig. 4) in the case of intracranial pressure. 

Discussion. It seems evident from the results that the blood pressure rise 
which we have described is a response to local anemia of the spinal cord induced 
by compression of this organ. It may be thought that the immediate stage of 
the pressor response to abrupt elevation of spinal intradural pressure can be ac- 
counted for by a stretching of the ventral rootlets as the dural sac is expanded. 
On anatomical groimds we think this is unlikely. The dura around the part 
of the cord with which we are dealing — ^Tl to L3— is normally close-fitting and 
taut; and the serrations of the dentate ligaments, which at every intersegment 
attach the dura to a lateral, longitudinal, ligamentous band of pia and aractooid, 
are surpri^gly strong and unyielding. Furthermore, all of the rootlets except 
some emanating from cord segments TlO to L3 run an oblique course between 
the spinal cord substance and the line of dural reflection; hence the effectiveness 
of any lateral displacement of the dura in stretching rootlets would be mini- 
mized. In addition, rapidly elevated intracranial pressure, which exerts no 
mechanical action on the spinal cord, elicits a pressor response which is char- 
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Fig. 3. The brain of this cat was asphyxiated, following which three responses to in- 
creased spinal intradural pressure were elicited. Then a ligature was tightened about the 
dura and cord at C6. Two more responses were elicited, following which the spinal intra- 
dural pressure was allowed to remain well above blood pressure for 10 minutes. The above 
response was the third after this asphyxia! period. 
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Fig. 4. Previous to the time at which this record was obtained, the pressor response to 
increased intracranial pressure was elicited three times. On the third occasion the intra- 
cranial pressure was maintained well above blood pressure for half an hour. Raising the 
intracranial pressure subsequently elicited no response. The blood pressure response to 
spinal intradural pressure was elicited four times after the asphyxiation of the brain. 
The fourth period of spinal intradural pressure elevation was prolonged for half an hour. 
The response shown above was the second after this and was obtained as follows: With the 
line to the intracranial cannula open and the line to the spinal intradixral cannula clamped 
shut, pressure was increased. There was no response to elevated intracranial pressure 
(Z.c.p.) , The line to the spinal intradural cannula was then opened as the line to the intra- 
cranial cannula was clamped. This switch is indicated by the triple signal and the arrow. 
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acterized by the same promptness as that which accompanies spinal cord com- 
pression. 

Though we cannot with certainty specify the peripheral factors which are 
I'esponsible for the blood pressure rise, we believe our records indicate that the 
major r61e is played by a vasoconstriction of direct nervous origin. Direct nerv- 
ous augmentation of the heart beat and the action of adrenalin on the heart and 
on the blood vessels probably contribute to the pressor response. 

The slow waves sometimes imposed on the blood pressure record (fig. 1) 
resemble Traube-Heiing waves, but whether or not they are really of central 
origin has not been checked. If they do represent rhythmic altex'ations in tone 
of a vasomotor center, that center in these cases resides in the spinal cord. 

The slight, transient cardiac deceleration or acceleration which usually accom- 
panied rapid changes in blood pressure (p. 581) seem to be intrinsic responses of 
the heart inasmuch as they coincided with the beginning of the blood pressure 
changes, with no appreciable latency, in animals in which the vagus nerves were 
cut and the cervical spinal cord was transected. The responses may be the 
purely mechanical, momentary consequences of the heart, which has been 
maintaining a certain power output per beat, suddenly being confronted with 
either more or less work to do. 

Increase^ intracranial pressm’e, under the conditions of our experiments, 
is not transmitted to the vertebral canal. This is shown by direct measure- 
ment and observation and by the fact that when the brain has been completely 
asphyxiated subsequent elevation of intracranial pressure does not elicit a pressor 
response whereas increase of spinal intradural pressure elicits a large response. 
Naunyn and Schreiber (18), in an inadequately described experiment prelimi- 
nary to their principal investigation, connected two cannulae to the subarachnoid 
space of the dog, one through the parietal bone and the other in the region of the 
cauda equina. When pressure was increased in the cranium the pressure in the 
spinal subarachnoid space followed it within a few seconds at a level only 2 to 
5 mm. Hg lower. When pressure was increased in the spinal subarachnoid 
space, intracranial pressure rose to only a fraction of the spinal value. We do 
not think this observation has ever been quoted, and there is no indication that 
those who have experimentally raised intraci’anial pressure through a cannula 
over the cerebrum have been aware of it. Nevertheless, the general silence of 
these investigators on the subject of transmission of pressure seems to indicate 
that they accepted transmission as a truism. Still, compression of the spinal 
cord was never suspected of playing a role in the blood pressure rise accompany- 
ing experimental intracranial pressure elevation. Cushing (2,3,4) even increased 
intracranial pressure through a cannula over the cerebrum, cerebellum or upper 
cervical spinal cord. But whenever the cause of the increased blood pressure 
was assigned, it was attributed to anemia of the medulla (2, 3, 4, 6, 7, 8, 9, 10, 
11, 23). 

We doubt that the observation of Naim3m and Schreiber (18) is valid even 
for the dog. Cushing (2, 3, 4) found that severing the spinal cord in the dog at 
the level of the atlas prevented the blood pressure response to increased intra- 
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cranial pressure. Had fluid welled from the site of operation it doubtless would 
have caught the attention of the experimenter. Also, Cushing (2, 3, 4) tem- 
porarily paralyzed the bulbar centers by injecting cocaine into the neighborhood 
of the fourth ventricle through a needle inserted through the atlanto-occipital 
ligament. Increase of intracranial pressure did not then affect blood pressure 
until the cocaine effect began to wear off. In light of our findings it seems that 
the intracranial pressure was not transmitted to the vertebral canal in these 
experiments of Cushing. 

Montgomery and Luckhardt (17) increased intracranial pressure by forcing 
fluid into the cranium through a cannula screwed into the dcull overlying the 
cerebrum. They found that the knee jerk usually diminished or disappearedas 
the intracranial pressure approached blood pressure in the dog. ^en the 
spinal cord below the upper lumbar level was compressed by forcing fluid into 
the isolated corresponding part of the vertebral canal, the knee jerk in a majority 
of instances was enhanced, often enormously exaggerated, for about 30 seconds, 
then was abolished. On the one hand it seems that their principal belief was 
that the lumbar portion of the spinal cord was deprived of blood when the 
intracranial pressure was raised and that the resulting asphyxia of the knee jerk 
center was the cause of the alterations in the reflex. On the other hand they 
briefly postulated that the prompt diminution of the knee jerk upon marked 
intracranial pressure increase might be due to asphyxial stimulation of inhibi- 
tory neurons arising in the brain and acting upon the knee jerk center. It 
seems quite likely, however, that all of the influence of increased intracranial 
pressure on the knee jerk was due to the effect of compression anemia on the 
inhibitory and augmentative areas in the bulbar reticular formation which 
Magoun (15) has recently described. 

Dixon and Halliburton (6) and Freeman and Jeffers (9) increased intracranial 
pressure by injecting fluid into the cistema magna. Though these investigators 
attributed the blood pressure rise to anemia of the medulla there is a good pos- 
sibility that here the fluid was free to enter the spinal intradural sac. 

Montgomery and Luckhardt (17), Porter, Blair and Bohnxfalk (19) and Van 
Harreveld and Marmont (22) have studied the effect of compression asphyxia 
of the caudal part of the spinal cord on reflex activity. Montgomeiy and Luck- 
hardt (17) confined the increased pressure to the segments below the upper lum- 
bar. They reported that there were no blood pressure changes. Porter, Blair 
and Bohmfalk (19) worked with cats in which the brain and the spinal cord 
down to a lower thoracic level were destroyed. They found that increased 
intraspinal pressure raised the blood pressure, the increment ranging from 2 to 
76 mm. Hg. Van Harreveld, in a series of papers of which the one referred to 
above (22) is the first, has elevated the pressure on the spinal cord below T9 
or TIO in cats but has not observed blood pressure. 

Reports on blood pressure alterations in spinal animals during general as- 
phyxia seem at first to be inconsistent but the inconsistency disappears when 
some of the variables are considered. Luchsinger (14) found that in rabbits 
and cats with spinal cord and vagi cut, suspension of artificial respiration caused 
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a delayed slight rise of blood pressure of not over 45 mm. Hg, then a fall. If 
artificial respiration was reinstituted just before death the blood pressure gen- 
eraUy rose to a higher level than before and in shorter time, and then fell slowly. 
In rabbits similarly prepared, Konow and Stenbeck (13) observed a maximum 
blood pressure rise during asphyxia of about 38 mni. Hg. With the spinal cord 
destroyed in addition, asphyxia caused only a steady fall in blood pressure, 
Sherrington (21) described in detail the pressor response to asphyxia in decapi- 
tated cats. In the first 2 to 3 minutes there was a slow, slight rise followed by a 
gradual fall. Then the blood rapidly darkened, the heart accelerated and the 
pressure reached as much as 170 mm. Hg. The heart suddenly slowed, an oc- 
currence unchecked by atropin. If ventDation was resumed, the heart beat 
suddenly became rapid and the blood pressure rose transiently to nearly 300 
mm. Hg. Kaya and Starling (12) showed that in spinal dogs breathing nitro- 
gen plus less than 5 per cent oxygen there was a marked rise of arterial pressure. 
In case the heart was in feeble condition at the outset the blood pressure fell 
as soon as or shortly after vasoconstriction occurred. This vasoconstriction 
was demonstrated either plethysmographically or by administering oxygen or 
air in which event the immediately revived heart pumped blood against the 
already present vasoconstriction and the blood pressure rose suddenly. This 
observation serves as a partial basis for understanding the variability in the 
blood pressure response to general asph 3 ioda in the spinal animal. Kaya and 
Starling (12), Mathison (16^ and Cathcart and Clark (1) demonstrated that 
there was no blood pressure response in spinal animals administered 10 per cent 
or 12 per cent carbon dioxide plus adequate oxygen. Mathison (16), working 
with decapitated cats, found that when the inspired carbon dioxide was high 
enough the blood pressure rose greatly due to vasoconstriction. The vasocon- 
striction evoked by cessation of artificial respiration, low oxygen, or high carbon 
dioxide plus adequate oxygen was dependent upon the spinal vasomotor centers. 
Carbon dioxide from 10 per cent to 50 per cent gave usually an initial depres- 
sion of the activity of the heart followed by an increase. Percentages of carbon 
dioxide below the threshold value for the spinal vasomotor centers sometimes 
caused a rise in blood pressure, less than that due to vasoconstriction, due to 
increased cardiac output. Carbon dioxide acting directly on the blood vessels 
caused dilatation. 

Czubalski (5) and Seppa (20) published papers dealing with the blood pres- 
sure response to asphyxia in spinal animals but added little to the subject. 
Both reported the effects of asphyxia in the spinal animal after removal of the 
adrenals. Czubalski (5) found no rise in blood pressure; Seppa (20) observed 
a slow rise to 41 mm. Hg from a base of 17 mm., and a peak of 43 mm. Hg after 
artificial respiration was resumed. It is possible that their preparations were 
badly deteriorated, which would account for the poor responses. 

It is plain that the blood pressure change in general asphyxia of the spinal 
animal depends upon several variables which becloud the response of the spinal 
cord. With these variables excluded it becomes evident that the spinal cord 
is capable of responding in a remarkable fashion to asphyxia so as to effect a 
great rise in general blood pressure. 
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SUMMARY 

When spinal intradural pressure is raised acutely in animals in which the 
brain has been rendered functionless by compression asphyxiation or in which 
the spinal cord has been severed by ligature in the cervical region, a pressor 
response occurs which is comparable to that elicited by increased intracranial 
pressure with the central nervous system intact. 

Since under the conditions of our experiments elevated intracranial pressure 
is not transmitted to the vertebral canal, the responses can be attributed to ane- 
mia of the spinal cord in the case of raised spinal intradural pressure, and to 
anemia of the medulla in increased intracranial pressure. 

The response to increased spinal intradural pressure occurs after the adrenals 
have been removed. A good response is obtained with little or no cardiac ac- 
celeration if the response has been repeatedly elicited or if the spinal cord has 
been partially asphyxiated. 

The spinal cord structures responsible for the response to increased spinal 
intradural pressure are more resistant to inactivation by prolonged asphyxia 
than are those in the medulla which respond to elevated intracranial pressure. 
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AVERAGE FOOD CONSUMPTION IN THE TRAINING CAMPS 
OF THE UNITED STATES ARMY 
(1941-1943) 

PAUL E. HOWE AND GEORGE H. BERRYMAN 

From Supreme Heeidguarters, American Expeditionary Forces and Medical Nutrition 
Laboratory, Chicago, Illinois 

The food consumption of soldiers in the training camps of this country during 
1917-1918 has been adequately described by Mmiin and Hildebrandt (1) and 
Howe, Mason and Dinsmore (2). Since that time, interest in food consumption 
studies has continued and expanded because of a, our increased knowledge of the 
physiologic importance of food constituents in general, and of vitamins and min- 
erals in particular; &, the current scientific prominence of problems concerning 
human requirements for nutrients and the composition of foods in relation to 
those requirements, and c, the renewed attention given to food by the public due 
to rationing, supplying the Army, supplying other countries, etc. 

Studies such as those carried out by Stiebeling and Phipard (3) and by McCay 
(4) have contributed significantly to our knowledge of food habits and food 
requirements. It is the purpose of this report to record the results of food con- 
sumption surveys in 455 Army messes during the period 1941-1943. It is our 
belief that this information may serve as a sequel to the original studies carried 
out during World War I, and may perhaps contribute also to our rapidly accumu- 
lating knowledge of the present-day food habits and food consumption of active 
young adults. 

Since the middle of the year 1941 through the end of 1943, we have accumu- 
lated data on various phases of messing operations in the training camps of the 
army in this country. The data have been obtained by scientific specialists who 
had been recently commissioned as Nutrition Officers in the Medical Department 
of the United States Army. Generally speaking, the data have been obtained 
over short unannounced periods of time ranging from six to ten days in each 
mess. The results for each Post have been reported as a thirty-day average of 
these individual surveys, and are considered to provide accurate representative 
information on average food consumption. Fifty Posts and 455 messes have 
been surveyed in this manner. 

The results of these nutritional surveys have been reported in terms of food 
groups, the bases for which are similar nutritive content, special function in the 
diet, or unique contribution to the diet, as described elsewhere by Howe, Pritchett 
and Berryman (5), Nutritional evaluation of the quantities of food consumed 
have been carried out by a short method of evaluation of food groups described 
by Beri'yman and Chatfield (6) and by Berryman and Howe (7). The values 
obtained have been checked periodically hy the use of the National Research 
Council tables of food composition (8). 

Table 1 indicates the average quantities of the various food groups consumed 
in the mess per man per day during the periods imder survey. The second 
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column in table 1 indicates the distribution of waste by food groups in terms of 
the percentage of the total amount of food used. 

The approximate nutidtive value of the food consumed for the periods is shown 
in table 2. It will be noted that the quantities of essential nutrients as calculated 
are liberal. However, it must be emphasized that such calculated values cannot 
indicate the extent of losses of the heat-labile, water-soluble nutrients due to 

TABLE 1 


Average quantities of food consumed in army messes as determined in JfiS messes during 

mi-194S 


FOOD GSODFS 

CONSTJl£ED 

PEK CENT EDIBLE 
WASTE* 


lb$. per man per 



day 


Meats, fish and poultry 

0.909 

7.5 

Eggs 

0.149 

6.2 

Milk and milk products (fluid milk equivalents) 

1.016 

1.6 

Fats, butter and spreads 

0.083 

0.7 

Fats, other 

0.069 

4.5 

Sugar and syrups 

0.262 

1.0 

Cerelils and grain products 

0.567 

11.1 

Beans, other legumes, dry, nuts, dry 

0.055 

10.5 

Vegetables, leafy green or yellow 

0.359 

16.4 

Tomatoes 

0.155 

3.5 

Citrus fruits 

0.248 

1.3 

Potatoes 

0.561 

12.9 

Vegetables, other than leafy green or yellow' 

0.252 

10.8 

Fruits, other than citrus 

0.358 

2.0 

Fruits, dried 

0.026 

4.7 

Total edible waste-pounds per man per day 

0.39 


*Average edible food wasted in mess hall & kitchen ^ 
Average total edible food issued to organization 


preparation, cooking, and service of food. If deduction factors for such losses 
are applied as follows: 


Thiamine 40 per cent of value of the diet 

Riboflavin 15 per cent of value of the diet 

Niacin 20 per cent of value of the diet 

Ascorbic acid 35 per cent of value of the diet 


the nutritive values become those shown in parentheses in table 2. We have 
considered such deductions to be conservative; more recent information on mess- 
ing practices, to be described later in this paper, would indicate that the true 
losses are probably higher. 

The various types of organizations or units surveyed had a wide range of duties 
and levels of activity. They include infantry, artillery, cavalry, quartermaster, 
military police, ordnance, engineering, medical, air corps, chemical warfare, tank, 
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air, induction center and others. Because the number of each type of unit 
differed widely (from 1 chemical warfare unit to 77 infantry units), and because 
the caloric value of food consumed likewise differed over a wide range (from 3132 
for five induction centers to 4135 for three demolition units), the average caloric 
values obtained for the various types of units (table 3) have been weighted ac- 
cording to the number of surveys carried out on each type. The average 
caloric value of the food consumed in the mess, when properly weighted in this 
manner, was almost 3700 calories (3694) by calculation. This agrees closely with 
the estimate reported by Murlin and his associates during the last war (3633). 
As was also observed in World War I report, the calculated caloric value of food 


TABLE 2 


Calculated nutritive value of average food consumed 'per man per day as determined in 465 

messes during 1941-194S 


NTJTRIENTS 


CONSUMED 


Calories ^ 

Protein gm. 

Fat gm. 

Carbohydrates gm. 

Calcium mgm. 

Phosphorus mgm . 

Iron mgm. 

Vitamin A I.U. 

Thiamine mgm. 

(Thiamine) 


3785 

125 

178 

408 ■ 

923 
1885 
22 

11881 

3.12 

(2.08)* 


Riboflavin — 
(Riboflavin) 


mgm. 


2.71 

(2,3)* 


Nicotinic acid 

(Nicotinic acid) 


mgm. 


28.1 

(22,5)* 


Ascorbic acid. . . , 
(Ascorbic acid) 


mgm. 


111.5 

(74.4)* 


* Following deduction for conservative probable losses due to cooking (see p. 589). 


consumed in the ordinary mess rarely lies outside the range of 3000'-4000 calories 
(table 3). 

The latter statement, however, deserves further explanation. For reasons 
adequately listed by Murlin and Hildebrandt (1), it is almost impossible to obtain 
an accurate record of the items consumed by the soldier outside the mess hall. 
Even though canteen (post exchange) purchases may be determined quite closely, 
they are difficult to interpret adequately because of errors arising from the fact 
that no one canteen is necessarily limited to the patronage of soldiers living near 
it, and furthermore, the purchases of one individual may be consumed by 
several. Over ’and above this additional food bought at the canteen, however, 
there are other sources of food supplements which are even more difiicult to fol- 
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low, as for example the personal packages sent to the soldier by relatives or 
friends, and the food or refreshment bought in the nearby town. 

It was estimated in 1919 that the caloric value of food bought at canteens 
averaged approximately 365 calories per man per day. McCay (4) reporting on 
sales by ships’ canteens, estimates the average caloric value of food per man 
bought there to be approximately 400 calories. It would therefore appear justi- 
fied to state that over long periods of time, the average caloric value of food con- 
sumed per day by the average soldier is probably in the range of 4000-4100 calories, 
i.e., 3700 -h 400. However, appropriate reservation is required even here. It is 
obvious that certain individuals may eat considerably less or more than the aver- 
ages calculated and listed above, both in the mess hall and outside. 


TABLE 3 

Caloric value of food consumed by different types of organizations surveyed during 1941-191$ 


TYPE OP UNIT 

NU20EE OF MESSES 
SURVEYED 

AVERAGE CALORIC VALUE 
OF FOOD CONSUMED IN 
THE MESS 

1 

Infantry 

77 

3733 

Artillery 

68 

3295 

Cavalry 

7 

3878 

Coast Artillery (A. A.) 

45 

3711 

Quartermaster 

61 

3908 

Medical 

24 

3623 

Headquarters 

16 

3801 

Military Police 

11 

3719 

Ordnance 

5 

3836 

Engineers 

18 

3845 

Transportation 

37 

3655 

Tanks or Mechanized 

1 30 

3880 

Air Corps 

27 

3779 

Signal 

18 

3766 

Induction Center 

5 

3132 

Miscellaneous 

3 

3298 

D.E.M.L 

3 

4135 





We have examined the data in terms of seasons. The results are again similar 
to those reported in 1919. The caloric intake was highest during the Fall (Sept.- 
Nov., 3960 calories) dropping in the Spring (March-May, 3570 calories) and ris- 
ing slightly during the Summer (June-August, 3790 calories). The observation 
by Murlin (1) that seasonal variation caused no more than a 400 calorie deviation 
(in food consumed in the mess only) is corroborated by our data. 

Our data on waste of edible food indicate that an average of 0.39 pounds per 
man per day have been discar4ed during the various survey periods. This %ure 
includes water rich foods such as cooked rice, cooked beans, soups and the like. 
It is interesting to note that in 1919 when food conservation measures were used 
similar to those put into effect so successfully today, the average edible waste 
was reported as 0.38 pound per man per day. 
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During the first week of June, 1943, simultaneous surveys wxre carried out in 
99 messes at 38 groimd force stations, representing approximately 130,000 rations 
consumed. Table 4 indicates the results of these surveys, and shows similarity 
to those expected for the season of the year. Average caloric intakes for the 
various stations ranging from 2800 to 4600 calories per man per day, with a 
mean of 3470. The lower quantity of edible w^aste (0.32 lb. per man per day) 

TABLE 4 


Quantities of food planned and consumed in 99 army meeses hij simultaneous survey j 

June 1-7 f 1943 


1 

rOOD GROUPS 

PLANNED 

1 

CONSUMED 

PER CENT EDIBLE 
WASTE* 

- 

lbs. per man 

i&s. per man 



per day 

per day 


Meats, fish and poultry 

0.905 

0.810 

6.4 

(Pork) 

(0.113) 

(0.201) 

(8.2) 

Ectrs 

0.147 

0.152 

5.8 

Milk and milk products 

1.053 

1.097 

1.5 

Fats, butter and spreads 

0.065 

0.068 

0.5 

Fats, others 

0.052 

0.051 

2.3 

Sugar and syrups 

0.241 

0.241 

! 1.2 

Cereals and grain products 

0.621 

0.518 

1 9.1 

(Bread) — 

(0.361) 

(0.317) 

(10.5) 

Beans, other legumes, dry, nuts, dry 

, 0.055 

0.038 

12.5 

Vegetables, leafy green or yellow 

0.501 

0.343 

13.9 

Tomatoes 

0.123 

0.139 

3.6 

Citrus fruits 

0.329 

0.338 

0.6 

Potatoes 

0.650 

0.533 

9.7 

Vegetables, other than leafy green or yellow 

0.289 

0,229 

12.5 

Fruits, other than citrus 

0.292 

0.259 

2.7 

Total 

5.360 

4.848 


Number of calories 

3,764 

3,468 


Edible waste (lbs. per man per day) 




Total 



0.32 

Table waste 

0.16 

Kitchen waste (by difference) 

0.16 


* Average edible food wasted in mess hall & kitchen 
, ^ ino 

Average total edible food issued to organization 


undoubtedly reflects the success of the Army^s vigorous efforts to keep waste to 
a minimum. 

At the time of these simultaneous surveys, data were also obtained on messing 
practices, i.e., total elapsed preparation times. The general impression obtained 
was referred to earlier in connection with arbitrary deductions applied to calcu- 
lated nutritive values, namely that the length of time used in the average Army 
mess for preparation, cooking, and service of food frequently may be excessive. 
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It is obvious that proper prepamtiou and cooking practices are of great im- 
portance in the attainment of adequate nutrition. This is particularly true in 
the Army, where the effect is two-fold: a, on nutritive content, and h, on palata- 
bility, and therefore on acceptance and waste of food. Table 5 indicates that 
those food groups normally designed to supply the daily intake of heat-labile 
water-soluble constituents (such as ascorbic acid and thiamine) frequently under- 
went excessive preparation, cooking and standing. It is apparent t^t such 
practice may easily neutralize part, if not all, of the excellent care given to the 
proper planning and procurement of food such as that in Field Ration A, the 
rough equivalent of a liberal civilian diet. Continued education and supervision 
of mess personnel are essential in the interests of maintaining an adequate satis- 
factory diet. 

It would be desirable to be able to report the overall nutritional status of 
soldiers subsisting on the type of diet and level of nutrients characterized by 
Field Ration A. Unfortunately, such data obtained on a laige sample of the 

TABLE 5 


Observations on length of time taken in preparing or cooking food and on standing time 


TYPE OP POOD 

PSEPASATION OR COOKING TIME 

STANDING TIME 

Nominal 
allowance in 
hours 

Percentag 

One to two 
hrs. 

e requirmg 

Two or more 
hrs. 

Per cent 
standing more 
than half hour 

Meats 

2 


40 

62 

Vegetables, leafy green or yellow 

1 

43 

26 

76 

Salads 

1 

17 

75 

100 

Potatoes 

1 

61 

15 

27 

Vegetables, other 

1 

15 

33 

61 


Army are not available, except negatively in that we have never received any 
verifiable reports of gross nutritional deficiency symptoms within this country. 
In a survey conducted on a small group of active soldiem who had subsisted on 
Field Ration A while completing thirteen weeks of basic military training, the 
following biochemical findings were reported by Pollack and Berryman (9) : 

Average B-vitamin load test response: (4 hr. excretion of thiamine and riboflavin, 
immediately following intramuscular administration of sterile mixture of 1 mgm, 
thiamine hydrochloride, 1 mgm. of Na salt of riboflavin, and 20 mgm, nico- 
tinamide). 


Thiamine 220 meg. per 4 hr. 

Riboflavin 290 meg. per 4 hr; 

F2 Faetor Not determined 


Average ascorbic add load test respo7ise: (6 hr. excretion of ascorbic acid imme- 
diately following intravenous administration of 200 mgm. ascorbic acid). 


Ascorbic acid (reduced form) . 


22.8 mgm. per 6 hrs. 
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Average B-viiamin basal urinary excretion: (4 hr. excretion of thiamine, ribo- 
flavin, and F-2 factor determined 8 hr. following previous meal). 


Thiamine 33 meg. per 4 hr. 

Riboflavin 87 meg. per 4 hr, 

F2 Factor 4.0 thiamine units 


Average ascorbic acid basal urinary excretion: (6 hr. excretion of ascorbic acid 
determined six hours following previous meal). 

Ascorbic acid (reduced form) 1.6 mgm. per 6 hrs. 


StTMMART 

Four hundred and fifty-five nutritional surveys have been carried out at 50 
military posts of the United States Army where Field Ration A, the rough equiva- 
lent of a liberal civilian diet in which there is a wide range of all types of food, is 
provided. The food consumption levels reported indicate that the American 
soldier in the training camps of this country receives a nutritionally adequate 
diet, although messing operations may be of such nature as to deduct consider- 
ably from the optimum which could be attained. In the mess, the average caloric 
intake of the average soldier per day, as determined by evaluation of food con- 
sumed, is approximately 3700 calories. Average purchases in the canteen prob- 
ably approximate 360 to 400 calories per man per day. Seasonal variations in 
the consumption of food probably do not exceed 400 calories (in the mess hall). 
Some biochemical results obtained during a survey of a small group of soldiers 
(50) are presented as possibly being indicative of the nutritional state of soldiers 
following 13 weeks subsistence on Field Ration A while carrying out the activities 
involved in basic military training. 

Acknowledgments. The food consumption values listed represent a summary 
of the data reported by and vouched for by Nutrition Ofiicers carrying out nutri- 
tional surveys at various posts, camps and stations within this country, and 
acknowledgment is made of their careful and diligent efforts which have made 
this report possible. 
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In most experimental studies on shock, survival rates or average survival 
periods' are used for gauging the severity of the inflicted circulatory damage. 
Such studies require constant attendance and elaborate regulation of environ- 
mental factors throughout the survival period. They throw no light on the 
mechanism of circulatory failure. Studies on shock would obviously be facili- 
tated by the measurement of some value in the surviving animals which could be 
taken as an index to the over-all impairment of the circulation. The possibility 
that the bleeding volume might serve as such an index is suggested by recent 
studies on hemorrhage and blood substitution (Lawson and Rehm, 1945b, c). 
In a complete study of bleeding volume, data are obtained not only on the 
magnitude, but also on the mechanism of circulatory impairment. 

As used in these studies, the term bleeding volume means the fatal hemorrhage 
volume as determined by controlled arterial bleeding. It is equal to the pre- 
hemorrhage blood volume plus the volume recruited during bleeding, minus the 
liminal circulating volume, the last being the blood volume required for a minimal 
cardiac output. In the studies reported here, each of these volumes was meas- 
ured. Control values were obtained without sacrificing the animals, by bleeding 
just short of circulatory standstill, and immediately re-injecting all the drawn 
blood. Final values were obtained by complete hemorrhage about four hours 
later. 

Procedures designed to produce shock-like states were instituted about one 
hour after the re-injection of blood. Although data were obtained which show 
that in the absence of these procedures the effects of the first bleeding are almost 
completely reversed within four hours, no data were obtained on the extent of 
their reversal at one hour. In the shocked animals, therefore, the final values 
may represent a summation of the effects of the shocking procedures with 
residual effects of the first bleeding. For the present purposes this does not 
seriously limit the usefulness of the data. 

Methods. The animals used in the studies were healthy, mature street 
dogs. They were deprived of food and water for twenty-four hours before the 
experiments, and were anesthetized by an intravenous injection of 250 mgm./ 
kgm. of sodium barbital at least three hours before the first bleeding. To ensure 
maximum reversal of the effects of the first bleeding, they were given 15 cc./kgm. 
of 0.9 per cent sodium chloride solution intravenously immediately following the 
barbital injection (Lawson and Rehm, 1945b). 

S95 
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Methods have already been given in detail for the measurement of the bleeding 
volume, the pre^hemorrhage blood volume, the volume recruited during the 
bleeding, and the liminal circulating volume (Lawson and Rehm, 1945a, b). 
For both the control and the final observations blood was drawn from a femoral 
artery in unit volumes of 2 cc./kgm. at intervals of two minutes. The conti’ol 
bleeding was discontinued as soon as mean arterial pressure, recorded from the 
other femoral artery, remained for two minutes below 20 mm. Hg. The volume 
which can be drawn below this level without stopping the circulation has been 
sho^vn to have an average value of about 5 cc./kgm., with a range of 2 to 9.4 
cc./kgm. at 0.05 probability. The blood obtained during the control bleeding 
was heparinized as it was drawn, and re-injection was begun immediately on 
reaching the end-point. Freshly drawn donor blood was used to make up the 
volume lost in sampling, so that the volume re-injected was always equal to the 
volume drawn. The final bleeding was started about four hours after the re- 
injection, and was continued until mean arterial pressure remained permanently 
below 10 mm. Hg. 

‘^Direct” deteiminations of plasma volume were made at the beginning of both 
the control and the final bleeding, as the dilution volume of the dye T-1824. 
^Tndirect^’ determinations were made near the middle of each bleeding and at 
their termination. The circulating cell volume at each of these determinations 
was computed from the percentage volume of cells in the sample, and the plasma 

, • XT, r T A cells X plasma vol. . , ^ 

volume, usmg the formula 0.775 X , JU order to 

100 — per cent cells 

correct for the systematic over-estimation which has been demonstrated for the 
method (Stead and Ebert, 1942; Lawson and Rehm, 1945a). 

Continuous intravenous injections of epinephrine were started about one hour 
after the control obseiwations were completed, and were allowed to run for 
approximately two hours. The final observations were made about one hour 
after the epinephrine injections had been discontinued. Solutions containing 
0.1 mgm./cc. were used, and were injected into a femoral vein under a constant 
pressure of 300 mm. Hg through a resistance adjusted to give a flow of about 
1 cc./min. Data are given for dosage rates between 0.0069 and 0.0096 mg./ 
kgm./min. Smaller doses were tried in two additional animals, without 
striking effects on bleeding volume, and one animal receiving a considerably 
larger dose died before the final observations could be made. 

Intraperitoneal injections of isotonic (5.5 per cent) glucose solution were given 
about one hour after the completion of the first observations, in a dose of 100 
cc./kgm. The fluid was allowed to remain in the peritoneal cavity throughout 
the remainder of the experiments. 

In the experiments on intestinal strangulation, the belly was opened by a short 
midline incision and the wound closed with clamps before the first bleeding. 
About one hour after the first observations were completed, the small intestine 
was delivered through the wound, and its mesentery incised for the placement 
of strangulating ligatures, which were left in place until the final observations 
were finished. In about half the experiments rubber ties were applied as tightly 
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as possible without obliterating the arterial pulse, leaving the collateral circula- 
tion at the proximal and distal ends of the intestine undisturbed. In the 
remainder of the experiments, tight ligatures were applied proximally and 
distally to the lower one-third of the small intestine, and all the veins draining 
the intervening loop were dissected up and ligatured tightly. Application of 
the latter type of sti'angulation to the entire small intestine usually produced 
death before the final observations could be made. 

Results. Control experiments on unshocked dogs. On the strength of data 
wliich have already been reported for partial re-injections, practically complete 
reversal of the effects of the first bleeding may be expected to follow re-injection 
of all the drawn blood, as in the present studies. If reversal is complete, the 
following equations should be found: 

i?i=jGr2, where Hi is the bleeding volume obtained on the control observations, 
and i?2 is the final bleeding volume. Hi is estimated by adding 5 cc./kg. to the 
volume drawn in lowering pressure to 20 mm. 

Qi = 02, where Qi is the pre-hemorrhage blood volume measured at the start 
of the control bleeding, and 02 is the corresponding volume at the start of the 
final bleeding. 

Li = L2, where Li is the liminal circulating volume at the time of the control 
bleeding, and the liminal circulating volume, on the final bleeding. Li is 
estimated by subtracting 5 cc./kgm. from the volume remaining in the chcula- 
tion at 20 mm. Hg, i.e., at the end of the first bleeding. 

h — /2, where Ii is the volume recruited to the circulation during the first, 
and I2 the volume recruited during the final bleeding. Values for I are calculated 
by subtracting the pre-hemorrhage volume from the sum of the volume drawn 
plus the volume remaining at the end of the bleeding. 1% is probably somewhat 
under-estimated, since the first hemorrhage is terminated before death. 

Table 1 gives the data for these equations, expressed as the difference between 
the control and the final values. From these data equations for the change in 
bleeding volume may be constructed in the form: AH = AQ -|- A/ — AL. It is 
apparent from the table that only small changes in bleeding volume occur in 
unshocked dogs, and that these usually result from a combination of changes 
in the limiting factors, rather than from a single change. AH must lie outside 
the range —3,0 to +4.4 cc./kgm., in order to be ascribed with assurance to 
anything more than the error in estimating Hi from incomplete hemorrhage. 
Attention is called to the frequency mth which changes of approximately equal 
magnitude and in the same direction occurred in Q and L. This is an extension 
of observations already reported on the apparent relationship between these two 
volumes. The liminal circulating volume appears from these data to be often 
considerably lower on the final bleeding. Similai' observations were made in 
the earlier studies where incomplete re-injections were given, although the 
average decrease in the liminal volume was not so great. The average loss of 
bleeding volume in the present studies is correspondingly smaller. 

Separate values are also given in table 1 for the pre-hemorrhage volumes of 
plasma and cells, and for the volumes of each which appear to be recruited during 
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tt^e bleedings. There was no consistent difference between the initial circulating 
cell volume and the cell volume measured at the start of the final observations. 
The cells which were .recruited during the first bleeding thus appear to be with- 
drawn from the circulation following complete re-injection. In the previous 
studies on partial re-injection, a large part of the recruited cells appeared to 
remain in the circulation (Lawson and Rehm, 1945b). The data on cell and 
plasma recruitment show that the volume of both was somewhat reduced on the 

- TABLE 1 

' ’ ‘ ‘ Control experiments in unshocked dogs 

A values give the change in each volume during the period of observation, as the volume 
measured on the final bleeding minus the volume measured on the first. AH is the change 
in bleeding volume, AQ the change in prehemorrhage blood volume, Al the change in volume 
recruitment during .hemorrhage, and AL the change in the liminal circulating volume. 
The equation for bleeding volume change is: AH = AQ -H AJ — AL. The remaining values 
in the table are the absolute volumes of cells and plasma circulating at the start of the 
first (Qi) and the final bleeding (Q2) ; and the absolute volumes of each recruited to the cir- 
culation during the first (L) and the final bleeding (Jg) . All volumes are given as ccm./ 
kgm. body weight. 


. DpGNO. . 

. AJS 

AQ 

AJ 

AL 

PLASMA 

CELLS 

Qi 

02 

Ji 

h 

Ql 

O2 

h '1 

h 

1 

5.0 

-12.6 

4.3 

-13.3 

53.4 

50.4 

3.9 

3.2 

41.6 

32.0 

0.4 

5.4 

2 . 

-5.1 

.2.7 

-2.7 

5.1 ! 

38.1 i 

40.9 

5.1 

4.1 

28.9 

28.8 

1.9 

0.2 

3 

-9.0 

-9.9 

1.4 

0.5 

47.3 

39.6 

2.9 

2.7 

29.5 

27,3 

2.2 

3.8 

4 

-3.0 

-0.1 

-4.8 

-1.9 

55.4 

55.4 

8.8 

8.0 

28.3 

28.2 

1 7.1 

3.1 

'*•'6' 

-1.0 

-6.1 

-0.5 

-5.6 

48.3 

43.1 

4.0 

4.6 

24.4 

23.5 

5.3 

4.2 

6‘ 

2.9 

-12.0 

-2,4 

-17.3 

60.0 

50.2 

4.1 

3.6 

35.7 

33.5 

2.8 

0.9 

7 

-6,0 ' 

3.1 

0.4 

8.5 

48.3 i 

48.1 

3.3 

5.1 

27.6 

30.9 

6.2 

4.8 

$ . 

5.0 

0,3 

-2.4 

-7.1 

60.6 

61.9 

5.7 

3.8 

28.2 

27.2 

4.3 

3.8 

. 9 

6.2 

-14.6 

-1.4 

-21.2 

67.8 

56.6 

7.5 

3,4 

33.3 

29.9 

2.5 

5.2 

10 

-5.0 

-15.3 

-1.8 

-12.1 

66.5 

55.4 

12.0 

9.8 

28.9 

24.7 

3.5 

3.9 

11 

7.2 

0.6 

-7.5 

-14.1 

59.8 

59.8 

10.1 

4.9 

32.2 

32.8 

5.0 

2,7 

12 

-9.1 ' 

5.7 

-4.0 

10.8 

43.6 

42.7 

2.7 

3.4 

25.7 

32.3 

7.9 

3.2 

13 

• 3.0 

■7*.9 

‘-7,2 

-2.3 

45.8 

46.1 

4.8 

2.8 

33.5 

41.1 

8.9 

i 

3.7 

Ave 

-0.69 

-3.87 

-2.20 

-5.38 

53.45 

50.02 

5.76 

4.57 

30.60 

30.17 

4.46' 

1 

3.45 


5.55 

8. 17 

3.21 

9.96 


1 







S.E 

1.537 

2.27 

0.89 

2.76 





1 





final bleeding in the majority of instances. The total recmitment of both cells 
and plasma on the final bleeding averages about 75 per cent of the recruitment 
on the first. The average calculated hematocrit for the blood recruited on 
the first bleeding is 43.6, and on the final bleeding 43.1. Supplementaiy data 
on recruitment in both shocked and unshocked dogs are given in the form of the 
rates observed, in table 4. 

.. Epinephrine shock. The essential data on epinephrine shock are summarized 
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in table 2, in the same form. All the animals showed large losses of bleeding 
volume, beyond the limits of variation found in the control experiments. The 
liminai circulating volume was consistently and significantly elevated. The 
loss of ability to recruit blood during hemorrhage was significantly greater than 
the loss in the control experiments. The total pre-hemorrhage blood volume 
does not appear from the table to be consistently affected. The changes observed 
in this volume are not unlike those found in the control experiments. The 
average equation for bleeding volume loss shows the loss to be due in about 
equal parts to elevation of the liminai circulating volume and to decrease in 
volume recruitment. 

Examination of the separate values for plasma and cells reveals that during 
the interval between observations every animal lost plasma volume and gained 
cell volume. Data on the mean corpuscular volume were obtained in five 
experiments, and show no significant change during the interval. Expressed as 
percentages of the control values, the mean corpuscular volumes at the start of 
the final bleeding were 91, 93, 99, 109 and 110, respectively. 

Plasma recruitment on the final bleeding was always greatly reduced, and in 
only one experiment was a positive value obtained for cell recruitment. No 
significance is attached to the small negative values for cell recruitment. Al- 
though it is possible that they mean withdrawal of cells from the circulation by 
trapping or unobserved hemorrhage during the final bleeding, it seems more 
likely that they represent errors in our methods of estimating circulating cell 
volume. The increase found in the pre-hemorrhage cell volume on the final 
observations was in every case of the same magnitude as the volume of cells 
recruited on the first bleeding. Taken in conjunction with the absence of cell 
recruitment on the final bleeding, the data suggest premature emptying of cell 
reservoirs into the active circulation, before the start of the final bleeding. 
Data on the rate of plasma and cell recruitment in epinephrine shock are given 
in table 4, and show that the rate as well as the total volume of recruitment is 
less than in unshocked dogs. i ' 

Siiock from intrajperitoneal glucose. The data are given in table 2. The 
losses of bleeding volume were significantly greater than in the control experi- 
ments, and of the same magnitude as in epinephrine shock. In the average 
equation for loss of bleeding volume each of the three limiting factors contributes 
an almost equal part. The liminai circulating volume was elevated, and there 
was a decrease in both the pre-hemorrhage volume and the volume recruited 
during the bleeding. Changes in the liminai volume and in the volume recruited 
during hemorrhage are significantly different from those observed in the control 
experiments. 

The decrease in circulating plasma volume found^at the st^irt of the final 
observations was considerably greater than in epinephrine shock. The average 
increase in circulating cell volume was about the same. Data on mean cor- 
puscular volume were obtained in two experiments. In' one of these, with the 
circulating cell volume at the final observation equal to 133 per cent of its 
control value, the mean corpuscular volume was 142 per cent of its control. In 
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the other, the percentages were 124 and 129, respectively. The entire increase 
in the pre-hemorrhage circulating cell volume can thus be attributed to swelling 
of the cells. Similar treatment of the data for liminal circulating cell volume 
(not given in the table) shows that in these two experiments the final values were 
182 and 313 per cent, respectively, of their controls. The, elevated liminal cell 

TABLE 2 

Epinephrme shock and shock fro7n uitraperitoneal glucose 
Tile column headings have the same meaning as in table 1. The control values were 
obtained before, and the final values approximately three hours after institution of the 
shocking procedures, the total time interval between values being the same as in table 1. 
The data on epinephrine shock are given in order of decreasing dosage, from 0.0096 to 0.0069 
mgm./kgm./min. 







Qi 

08 

Ji 

h 

Qi 

<>8 

h 

h 

Epinephrine 

14 

-27.2 

18.9 

-33.0 

13.1 

48.4 

48.0 

20.6 

0.5 

31.4 

50.7 

12.6 

-0.3 

15 

-29.1 

-6.3 

-7.9 

14.9 

46.0 

35.9 

4.9 

1.3 

23.9 

27.7 

3.5 

-0.8 

16 

-28.9 

0.3 

-11.1 

18.1 

51.0 

42.8 

8.5 

3.7 

25.7 

34.2 

5.2 

-1.1 

17 

-29.0 

5.6 

-23.0 

11.6 

48.7 

44.2 

S.6 

-0.3 

34.6 

44.7 

11.7 

-2.4 

18 

-33.2 

-2.3 

-20.0 

10.9 

42.7 

37.4 

11.9 

-0.1 

34,0 

37.0 

7.3 

-0.7 

19 

-31.1 

-7.8 

-5.3 

18.0 

55.6 

46.7 

10.0 

4.4 

41.6 

42,7 

3.1 

3.4 

Ave 



-16,72 

14.43 

48.73 

42.50 


1.58 

31.87 


7,23 


S.D 

2,09 

9.83 


3,83 









S.E 

0.85 

4,01 

4.31 

1.57 










Glucose 



-37.1 


-6.0 

15.1 

50.8 

28.1 

4.0 

0.9 

38.5 

45.2 

4.3 

1.4 

21 

-33.2 

-11.2 

-11.9 

10.1 

53.5 

31.7 

6.9 

0.5 

30.7 

41.3 

5.8 


22 

-37.1 

-14.7 

-12.9 

9.5 

54.2 

32.8 

8.9 

0.9 

24.4 

31.1 

4.7 


23 

-25.2 

0.5 

-10.3 

15.4 

47.6 

35.1 

5.3 

2.4 

33.6 

46.6 

5.7 

-1.7 

24 

-27.3 

-8.6 

-14.5 

4.2 

43,5 

25.7 

7.2 

0.3 

28.2 

37.4 

9,3 

1.7 

25 

-19.2 

-11.3 

-1.2 

6.7 

39.5 

21.7 

4.2 

1.3 

26.6 

33.1 

0.4 

2.1 

Ave 

-29.87 

-10.22 

-9.47 

10.18 

48.18 

29.18 

6.08 

1.05 

30.33 

39.12 

5,03 

0.60 

S.D 

7.18 

5.64 

4.98 

4.46 

1 








S.E 

2.93 

2.30 

2.03| 

1.82 










volume on the final bleeding thus means that a larger number of cells are required 
to maintain the circulation in this type of shock. 

In contrast with th^ findings in epinephrine shock, the magnitude of the 
increase in the pre-hemorrhage cell volume does not appear from the table to be 
related to the magnitude of the cell volume recmitment during the first bleeding, 
or to be associated with a complete loss of cell recruitment on the final bleeding. 
Data on the rate of recruitment in glucose shock are given in table 4. 
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Intestinal strangulation^ The data are given in table 3. The loss of bleeding 
volume following compression of the pedicle for the entire small intestine (first 
group in the table) was less than the loss produced by complete venous occlusion 

TABLE 3 

Intestinal strangulation 

The column headings have the same meaning as in table 1. The control values were 
obtained after the belly wall had been incised and the wound closed. The final values were 
obtained about three hours after the wound had been re-opened and the intestine strangu- 
lated. The first type of strangulation consists of compression, with rubber bands, of the 
mesenteric pedicle for the entire small gut. The second type consists of complete venous 
occlusion in the lower one-third of the small gut. The total time interval between values 
is the same as in table 1. 


DOG NO. 

AH 

AQ 

A7 

AL 

PliAMSA 

CEILS 

Qt 

Qi 

h 

h 

Qi 

Ca 

h 

h 

First type 

26 

-17.3 


-7,2 

-0.8 

60,5 

47.2 

5.1 

1.9 

27.0 

29.4 

2.2 

-1.8 

27 

-32.8 

-16.0 

-13.9 

3.9 

40.8 

24.8 

5.0 

1.7 

36.0 

36.0 

11.6 

1.0 

28 

-17.1 

-6.8 

-1.6 

8.7 

52.7 

46.7 

7.2 

4.7 

36.8 

36.0 i 

-1.3 

-0.4 

29 

-16.9 

-13.4 

-8.4 

-4.9 

67.7 

43.7 

5.7 

1.5 

45.2 

45.8 

2.7 

-1.5 

30 

-14.9 

-3.1 

-4.7 

7.1 

47.3 

42.0 

4.9 

3.0 

24.5 

26.7 

5.5 * 

2.7 

31 

-11.0 

0.8 

-7.6 

4.2 

41.8 

40.2 

5.8 

1.9 

28.2 

30.6 

2.8 

-0.9 

Ave 

-18.33 


-7.23 

3.03 

60.13 

40.77 

to 

2.45 

32.78 

QO 

o 

CO 

3.92 

-0.15 


Second type 


32 

-36.8 

-12.6 

-17.5 

6.7 

46.1 

36.8 

9.1 

0.0 

24.8 

21.5 

8.4 

0.0 

33 

-52.8 

-32.7 

-20.0 

0.1 

52.2 

31.3 

7.8 

-0.2 

32.9 

21.1 

11.8 

-0.2 

34 

-36.8 

-12,6 

-13.5 

10.7 

48,8 

38.1 

3.3 

-0.4 

24.0 

22.1 

9.4 

-0.4 

35 


-17.6 

-14.0 

1.4 

44.4 

30.3 

4,9 

-0.3 

36.5 

33.0 

4.1 

-4.7 

36 

-26.7 

-22,4 

-9.3 

-5.0 

49.9 

36.4 

4.6 

-1.5 

27.1 

18.2 

3.7 

0,5 

37 


-16.6 

-10.1 

4.3 

47.6 

35.7 

6.6 

3.3 

27.0 

22.3 

8.0 

1.2 

38 


BOM 

-15.8 

-5.0 

52,2 

41.8 

9.9 

-0.3 

23.5 

17.9 

5.6 

0.0 

39 


Qm 

-13.4 

-2.4 

48.4 

31.2 

5.5 

-0.4 

38,6 

21.8 

7.5 

0.0 

Ave 

-36.11 

-20.56 


1.35 



6.46 


29.30 

22.24 

7.31 


Grand 













Ave... 

-28.49 

-15,21 

-11.21 

2.07 

49.31 

37.58 

6.10 

1.06 

30.79 

27.31 

5.86 

-0.31 

S.D 

12.20 

9.72 

5.11 

5.25 









S.E 

3.26 

2.59 

1.37 

1.40 










of a shorter loop (second group). Neither procedure caused a marked elevation 
of the liminal circulating volume. The changes in this value are of the same 
order of magnitude as those previously reported for hemorrhage (incomplete 
re-injection). The average equations for bleeding volume loss show that with 
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both types of tetrangulation the loss is due largely to a decrease in the pre- 
hemorrhage blood volume and a lack of recruitment on the final bleeding. These 
two factors contribute almost equally to the observed loss of bleeding volume. 
Since the mechanism of the bleeding volume loss appears to be the same for the 
two types of strangulation, it has seemed justifiable to obtain an average equation 
for the entire group, in which the loss of bleeding volume is similar in magnitude 
to that produced by the other shocking procedures. In this equation, the 
elevation of the liminal volume is significantly less than that observed with 
either of the other types of shock, but significantly greater than that observed 
in the control experiments. The loss of pre-hemorrhage volume is significantly 
greater than in the control experiments or in epinephrine shock, but not sig- 
nificantly different from that observed in glucose shock. 

In all cases circulating plasma volume at the start of the final bleeding was 
found to be decreased. Circulating cell volume was usually slightly increased 

TABLE 4 


The rate of recruitment of plasma and cells during the control and the final bleeding 
The values given are average rates . The grand averages for the three groups of shocked 
animals, and the averages for the unshocked group, are given with their standard errors. 


CONDITION 

NO, 

DOGS 

PLASMA. RECRUITMENT 

CELL RECRUITMENT 

1st hem. 

Final hem. 

1st hem. 

Final hem. 



cc.jkgm.fmin. 

ec.fksm.lmin. 

cc,/kiin.ftnm. 

cc,/kgm.fmin. 

Unshocked 

13 

0.124 ±:0,0tS 

0.091 ±0,010 

0.096 ±0,014 

0.068 ±0.009 

Epinephrine 

6 

0,232 

0.061 

0.157 

-0.027 

Glucose 

6 

0.123 

0.040 

0.100 

0.027 

Strangulation 

14 

0.140 ^ 

0.029 

0.125 

-0.010 

Shocked (recapit- 

! 





ulated) 

.26 

0.158 dcO.OlS 

0.039 ±0,010 

0.127 ±0,011 

-0.005 ±0.009 


by the first type of strangulation, but was always decreased by the second. 
Postmortem examination revealed gross extravasations of blood within the 
mesentery, and large amounts of bloody fluid in the lumen of the completely 
occluded loops. In the other type of strangulation, the mesentery was edema- 
tous but usually extravasations larger than petechiae were not found, and the 
amount of bloody fluid within the lumen appeared to be less. 

Both the rate (see table 4) and the absolute volume of plasma recruitment 
were reduced on the final bleeding. In over half the experiments, final values 
in the neighborhood of 0 were found for cell recruitment. The loss of ability to 
recruit cells during hemorrhage appears from the table to be equally complete 
with the tw^o types of strangulation. 

The relationship between bleeding volume and arterial pressure in shock. In 
figure 1 the percentage change in bleeding volume in each of the foregoing 
experiments is plotted against the percentage change in mean arterial pressure. 
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The pressures used for this purpose were read at the beginning of the first and the 
final bleeding. It is apparent from the figure that there is no close correlation 
between the two variables, but that in general, as might be expected, the larger 
losses of bleeding volume are associated with large decreases in mean arterial 
pressure. In the control experiments both changes were small, the average loss 
of pressure exceeding the average loss of bleeding volume. In glucose shock and 
intestinal strangulation, the average loss of bleeding volume was greater than the 



ARTERIAL PRESS,- PERCENT OF CONTROL 

Pig. 1. Bleeding volumes are the final values, expressed as percentages of their controls 
Mean arterial pressures are the readings at the start of the final bleeding, given as per- 
centages of the readings at the start of the first bleeding. Solid circles give the data for 
unshocked dogs, open circles for intestinal strangulation, crosses for glucose shock, and 
triangles for epinephrine shock. The larger symbols give the averages. The figure in- 
cludes data on two animals with complete venous occlusion of the entire small intestine, 
duration li hours j and on two animals with small doses of epinephrine, which were not 
given in the tables. In addition, four unshocked animals are included for which the data 
necessary for the tables were not obtained. 

average loss of pressure. In epinephrine shock, on the other hand, marked 
declines in arterial pressure were observed, especially with the smaller doses, 
with only moderate losses of bleeding volume. If a straight line is fitted to the 
data for all these experimental conditions, it passes below the data for the normals 
and for epinephrine shock, and above the data for glucose shock to an impossible 
intercept at 0 arterial pressure and 7 per cent bleeding volume. It does not seem 
probable, from inspection of the data, that any equation could be found which 
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would satisfactorily express the relationship between the two variables for all 
experimental conditions. 

The rate of disappearance of the dye T-1824 in shock. The residual dye found 
in the circulation at the start of the final observations is shown in table 5 as a 
percentage of the amount which was originally injected, approximately five 
hours previously, at the time of the first observations. Residual circulating 
dye was calculated from the concentration found in plasma just before the 
second dye injection, and the plasma volume as redetermined by the second dye 
injection (Lawson and Rehm, 1945a). The values for initially injected dye were 
corrected for the loss in, sampling during the first observations, since these 
samples were replaced with undyed donor blood. The average retention at the 
end of the five-hour period in the experiments on unshocked dogs was about 
75 per cent of the net injected dye, which is somewhat higher than would be 

TABLE 5 

Percentage dye retention in normal and in shocked dogs 
The values given are averages. Mean percentage dye retention is given with its stand- 
ard error. In calculating percentage retention of dye, the net dye injected for the first 
observations was obtained by subtracting the dye lost in replacing samples with undyed 
blood. The circulating dye remaining at the time of the final observations was calculated 
from the dye concentration before any additional dye was injected, and the plasma volume 
at that time as re-determined by the injection of additional dye. The interval was meas- 
ured from the first dye injection, and was not corrected for removal of dye during the first 
bleeding. 


« 

CONDITION 

NO. DOGS 

i 

DURATION 

INTERVAL 

DYE RETAINED — 
PER CENT OP NET 
INJECTED 

PLASUA RE- 
TAINED— PER 
CENT OP INITIAL 
PLASMA’ VOLUME 

Normal 

13 

hours 

4.87 

75.5 ±2.716 

93.7 

Glucose shock 

6 

4.88 

69.2 ±2.612 

60.6 

Epinephrine shock 

6 

5.07 

60.9 ±3.523 

87.2 

Intestinal strangulation 

14 

4:97 

52.4 ±2.279 

76.3 


expected from any of the formulations of dye disappearance rates in normal dogs 
(Gregersen and Rawson, 1943). This is probably due in part to the fact that 
whatever dye was withdrawn from the circulation during the first bleeding could 
not ‘^disappear’' during that portion of the five-hour period. No attempt was 
made to correct for this factor so as to obtain true disappearance rates, as the 
uncorrected values are valid for purposes of comparison. The average dye 
retention observed with each of the shock procedures was considerably less than 
the average retention in the control experiments. Except for the studies on 
glucose shock, the decrease in dye retention is statistically significant. 

Discussion. It is hardly conceivable that progressive failure of the circula- 
tion could be initiated by any means without causing an early change in the 
value of one or more of the limiting factom for bleeding volume. In view of the 
wide diversity of means which may be employed for producing shock-like states 
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(see Wiggers, 1942), it seems unlikely that the primary changes in these factors 
will be found to be identical in all types of shock. The liTni ting factors for bleed- 
ing volume measure either the volume of contents of the cardiovascular system, 
or the activity of the system upon its contents. Any limiting factor which is 
primarily affected in shock, therefore, may be expected to change toward a 
reduction in bleeding volume. Unless compensatory changes occur in the 
remaining factors, bleeding volume should accordingly be reduced. It is 
apparent from the present data that such compensatory changes are far from 
complete in the types of shock studied, since bleeding volume was reduced in all 
of them. Since the three limiting factors for bleeding volume cannot, on the 
basis of the available information, be treated as independent variables, any 
conclusion regarding the factors which are primarily affected in each type of 
shock is hazardous. The data suggest, however, that a reduction in the circulat- 
ing blood volume is the primary factor in intestinal strangulation, that it is only a 
contributing factor in glucose shock, and that systemic changes independent of 
the circulating blood volume are primarily responsible for epinephrine shock. 

The effects of these procedures on the circulating blood volume (pre-hemor- 
rhage volume) are for the most part in agreement with those reported by other 
investigators. Comparable data have been obtained for epinephrine shock by 
Freeman, Freedman, and Miller (1941), and by Scholz, Schultz, Pleune, Fink, 
Steadman and Warren (1945); for intraperitoneal glucose by Gilman (1934), 
Darrow and Yannet (1935), Gaunt, Remington and Schweizer (1937), and 
Hopper, Elkinton and Winkler (1944) ; and for intestinal strangulation by Aird 
(1938), and Evans (1943). In our experiments circulating plasma volume was 
decreased in all three types of shock, but no constant relationship was apparent 
between the magnitude of this loss and the total circulatory impairment as 
measured by the decline of bleeding volume. The ratio plasma volume loss: 
bleeding volume loss has an average value of 0.209 in epinephrine shock, 0.636 in 
glucose shock, and 0.412 in intestinal strangulation. The ratio of these two 
lo.sses during the period of obseivation in the unshocked control animals is 4.970. 

Complete assurance cannot be given that true values for circulating cell 
volume were obtained by our methods in the shocked animals. The method, 
when corrected for unequal distribution of cells and plasma within the vascular 
system, gives reasonable values for normal dogs in various stages of exsanguina- 
tion (Lawson and Rehm, 1945a). If the distribution of cell and plasma volume 
in shocked dogs is very different from the distribution in normal exsanguinated 
dogs, our, correction may be in error. It seems unlikely, however, that an error 
of this sort could be large enough to account for our findings. Circulating cell 
volumes were increased in our experiments in epinephrine shock, in shock from 
intraperitoneal glucose, and in the milder type of intestinal strangulation. In 
epinephrine shock the increase appears to be due to expulsion of cells from the 
reservoirs with retention in the active circulation; in glucose shock it appears to 
be due to swelling of the cells, mth no significant change in their number. The 
increase in circulating cells in the milder form of intestinal strangulation is taken 
to mean that cells have been added to the circulation from the reservoirs in 
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excess of the volume of cells lost locally. In the more severe form of strangula- 
tion, the local loss appears to have exceeded the volume gained from the reser- 
voirs. Our experience with the two types of intestinal strangulation is in 
agreement with observations of Scott (1938) on the relative amounts of local 
exemia produced by compression of the entire pedicle and by complete occlusion 
of the veins alone. 

The volume of blood recruited during the bleeding, the second limiting factor 
for bleeding volume, is obviously a function of the rate of recruitment and the 
duration of the bleeding. The data given separately on the rate of recruitment 
in shocked animals (table 4), show that the small volumes recruited on the final 
bleeding are not due simply to the fact that the bleeding is of shorter duration. 
Further studies are needed on the factors which govern the rate of plasma 
recruitment. It is apparent from the data that one or more of them undergoes 
deterioration m all the types of shock which were studied, and that some deterio- 
ration occurs even in the control experiments. Cell recruitment during hemor- 
rhage is a function of the volume of cells available in the reservoirs at the start 
of the bleeding, and of contractile mechanisms which govern their expulsion. 
Both the rate and the absolute volume of cell recruitment were reduced on the 
final bleeding in all the shock experiments. In epinephrine shock and intestinal 
strangulation cell recruitment seems to have been almost completely abolished by 
premature empt 3 dng of the reservoirs. The lesser reduction of cell recruitment 
in glucose shock and on the final bleeding in the unshocked animals has no 
obvious explanation. 

The hminal circulating volume is the final limiting factor. This is the volume 
of blood which must be present within the cardiovascular system for a minimum 
cardiac output. It may be expected to increase with impairment of contractile 
function either in the heart or in the peripheral blood pools. It appears, from 
both the present data and the data previously reported, to be quite labile under 
our experimental conditions. In barbitalized dogs it usually declines during 
the period of observation if all the blood drawn for its first measurement is 
re-injected, the decline being less with partial re-injections. The decline is 
tentatively ascribed to a decrease in the depth of anesthesia, and is taken to 
mean improvement of contractile function either in the heart or in the peripheral 
pools. Although these data suggest that under our experimental conditions 
the liminal volume is affected by even small changes in the pre-hemorrhage 
circulating volume, it is obvious that the relationship between the two volumes 
is neither a simple one, nor constant under all conditions. In intestinal strangu- 
lation large losses of pre-hemorrhage circulating volume occurred, with only 
small elevations of the liminal volume, the average ratio between these changes 
being 7.36. In glucose shock the ratio is approximately 1.00, while in epi- 
nephrine shock it is —0.97. 

The data on dye disappearance are in agreement with those obtained on 
epinephrine shock by Freeman, Freedman and Miller (loc. cit.). They are at 
variance with the conclusions of Evans, Hoover, James and Aim (1944) based 
on studies of dye concentration curves in intestinal obstruction. It appears 
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from our data that dye may disappear from the circulation nearly twice as fast 
in animals with intestinal strangulation as in normals, and that the disapp)earance 
rate is somewhat increased in all the types of shock studied. It is obvious that 
our estimates of plasma volume in shock may be in error, since the estimates 
are based on an assumed disappearance rate of 10 per cent per hour (see Lawson 
and Rehm, 1945 a). If the data are recalculated on the basis of an assumed 
rate of 20 per cent per hour, the values for prehemorrhage blood volume are 
reduced by an average of 2.0 ccm./kgm., which is not a significant revision. 
Revised values for the liminal circulating volume are about 5.5 ccm./kgm. lower 
than those reported. The liminal volume still appears to be significantly elevated 
in all types of shock except intestinal strangulation. Values for blood recruit- 
ment in shock are still further reduced by recalculation of the data on this basis, 
the revised values being about 3.5 ccm./kgm. less than those reported. 

SUMMAEY 

Values were obtained in barbitalized dogs for the bleeding volume, the pre- 
hemorrhage circulating blood volume, the volume recruited during hemorrhage, 
and the liminal circulating blood volume. After control values had been 
obtained for each animal by a nearly maximal non-fatal hemorrhage, the drawn 
blood was completely re-injected. Final values were obtained four hours 
later by bleeding the animals to death. Blank experiments were done in which 
the animals were undisturbed during the four-hour interval. In these the final 
values were generally in good agreement with their controls. No large changes 
in bleeding volume were observed. Fairly large reductions in the liminal 
circulating volume were always associated with nearly equal reductions in the 
pre-hemorrhage volume. The rate of blood recruitment on the final bleeding 
was about 75 per cent of the rate on the control bleeding, without much change 
in the calculated hematocrit for the recruited blood. 

When shock-like states were induced during the last three hours of the interval 
by continuous intravenous injection of epinephrine, by intraperitoneal injection 
of isotonic glucose solution, or by intestinal strangulation, final values quite 
different from their controls were obtained. Bleeding volume was reduced to 
about 50 per cent of its control value by all three procedures, the average decline 
being about 29 cc./kgm. In epinephrine shock about half the loss of bleeding 
volume was attributable to an elevation of the liminal circulating volume, the 
remaining half to a lack of blood recruitment during hemorrhage. In shock from 
intraperitoneal glucose approximately one-third of the loss of bleeding volume 
was attributable to each of these two factors, the remaining one-third to a 
decline in the pre-hemorrhage volume. In shock from intestinal strangulation, 
decline in the pre-hemorrhage volume was responsible for about three-fifths of 
the loss of bleeding volume, the remaining two-fifths being due to a lack of blood 
recruitment during hemorrhage, with an insignificant contribution from eleva- 
tion of the liminal volume. The rate of blood recruitment on the final bleeding, 
as well as its absolute volume, was reduced in aU the shock studies in excess of 
the reduction found in the blank experiments. In epinephrine shock, and in 
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intestiaal strangulation, no cells appeared to be recruited to the circulation 
during the final hemorrhage. 

No constant relationship was foxmd, for all three types of shock, between the 
loss of bleeding volume and either the loss of circulating (pre-hemorrhage) 
plasma volume, or the decline in mean arterial pressure (pre-hemorrhage). 

The rate of disappearance of the dye T-1824 appears to be increased in all 
three types of shock, as compared with the rates found in the blank experiments. 
The error from this source in our final values for shocked animals does not 
appear to necessitate revision of any of the foregoing statements. 
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Cori (1) concluded in his classic paper that the rate of absorption of glucose 
was not influenced by variations in the concentration of the administered solu- 
tion. On the other hand Macleod et al. (2) were led to conclude that absorption 
was greatest from a glucose solution of 13.5 per cent concentration. MacKay 
and Bergman (3) have, however, reported that the absorption rate was very 
definitely influenced by the concentration of the administered solutions. Nu- 
merous papers may be found in the literature in support of each of these concepts. 
Cori (1) cited some evidence that the absorption coefficient (grams of glucose 
absorbed per 100 grams of body weight per hr.) was constant over a period of 
time, in other words that the rate of absorption was constant. Objection was 
made to this by Pierce et al. (4) and Feyder and Pierce (5) whose research re- 
vealed a decreased rate of absorption during the second and third hours of the 
absorption period. Another basic postulate underlying the Cori absorption 
coefficient is the linear relationship between body weight and the rate of ab- 
sorption, Numerous investigators have disagreed with this; yet the Cori ab- 
sorption coefficient is used to this day by many to report results of absorption 
studies. In view* of the wide divergence of opinion it was decided to investi- 
gate with a large number of animals many of the factors which might influence 
the absorption of glucose and to devise a method which permitted simultaneous 
study of the variations in gastric secretion and gastric emptying which accom- 
panied changes in absoi*ption. 

Methods. Rats fasted 48 hours (except a few groups shown in table 6 
which were fasted 24 hrs.) were fed glucose solutions of known concentrations 
and volumes, usually 1.7 to 1.9 cc. After a definite time interval the animals 
were sacrificed, the alimentary tract exposed and ligatures placed at the cardiac, 
pyloric and ileo-cecal sphincters. The stomach was placed in an evaporating 
dish, slit open and the pH of its contents measured electrometrically using a 
micro glass electrode. The fraction of a drop of fluid contained in the electrode 
capillary was returned to the evaporating dish. Then 25 cc. of sodium borate 
solution of known concentration (N/5 to N/10) were pipetted into the dish and 
the contents thoroughly mixed. The solution was then filtered through coarse 
filter paper. Essentially the same procedure was follow’ed with the contents 
of the small intestine. 

^ The data reported in this paper were taken from a thesis presented to the Graduate 
Council of the University of Vermont in partial fulfillment of the requirements far the De- 
gree of Doctor of Philosophy in Physiological Chemistry. 
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A 5 cc. portion of the filtrate was titrated with standard N/10 sulfuric acid 
using methyl red as indicator. From the change in concentration of the sodium 
borate the volume of gastric or intestinal fluid was calculated. Another por- 
tion of the filtrate was suitably deproteinized and analyzed for glucose by the 
method of Shaffer and Somogyi (6), by a combination of the Bertrand and the 
Munson and Walker method^ (7), or by a modification of the latter. Another 
part of the filtrate was analyzed for chloride by the method of Whitehom (8). 

The volume of fluid emptied from the stomach during the experimental period 
was calculated on the basis of the following principles: The rate at which glucose 
passed the pylorus was a function of a, the rate of flow of the solution, and b, 
the concentration of that solution. All three variables were functions of time, 
two of which were determined experimentally: the rate of passage of glucose in 
grams, B = df"; and the concentration of the solution being emptied, C = at”' + 
b. A differential equation was set up connecting the three variables, V = 

" dt + h Solution of this equation permitted the calculation of 

the volume of fluid emptied from the stomach during the experimental period. 
To check the validity of the final equation the data of Pierce, Haege and Fenton 
(9) on gastric emptying (obtained directly by cannulation of the duodenum just 
below the pylorus) were employed, and the calculated value of the volume of 
fluid emptied was compared with that actually observed. The agreement was 
very good. Calculations made by Holtz and Schreiber (10) could be used for 
the same purpose and yielded similar results. These workers, however, made 
the assumption that the concentration of a glucose solution decreased linearly 
with time, an assumption which is not justified. 

Since the volume of injected solution, the residuum, the volume of fluid re- 
maining in the stomach at the end of the experimental period and volume of 
solution emptied from the stomach during that period were all known, it became 
possible to compute the volume of gastric secretion. In similar fashion the net 
intestinal secretion could be calculated. 

Objection may be raised to the use of forced feeding in absorption studies. 
However, voluntary feeding proved unsatisfactory in this work because of the 
short time intervals involved and because of the intention to administer definite 
predetermined amounts of glucose. 

Since in the calculation of the volume of chyme emptied from the stomach the 
assumption was made that sugar left the stomach only by way of the pylorus, 
it was necessary to determine the extent of gastric absorption of the sugar. Un- 
der Nembutal anesthesia ligatures were placed at the cardia and pylorus of 
each of a group of white rats fasted 24 hours. Two cc. of 60 per cent glucose 
were injected directly into the stomach with syringe and needle. At the end 
of a time interval varying from 17 to 60 minutes the stomach was excised, its 
contents washed into a volumetric flask, the proteins precipitated and the sugar 
content determined. In some experiments the method of Cori (1) was used. 

Results.: The 13 animals used for the gastric absorption studies ranged 
in weight from 155 to 280 grams and were fed between 933 and 1015 mgm. of 
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glucose. The amount of glucose not recovered and presumably absorbed ranged 
from 0 to 45 mgm. with an average of 18 mgm. It is perhaps significant that 
when the gastric mucosa was slightly crushed during the washing process, re- 
covery of the administered sugar was much more complete. 

The data in table 1 show the effect of concentration upon the various factors 
studied. After some preliminary work had been done on male and female 
animals of colony A (series B, A, F, C, E, N, M and D), it was decided to study 


TABLE 1 

Absorption period 60 minutes 


PRELDIINAaY STUDY, COLONY A, MAUES AND FEMALES 


COLONY B, MALES 


SERIES 

B-60 

A.60 

F-60 

C-60 

AB 

E-60 

AB 

N-60 

AB 

M-60 

ABR 

D-60 

AB 

III-A 

III-B 

III-C 

m-B 

Number of animals 

2 

3 

12 

15 

20 

18 

35 

24 

24 

24 

22 

22 

Solution fed 













Concentration— % 

0 

5.5 

10 

13.5 

26 

40 

50 

65 

25 

40 

60 

65 

Glucose— mgm 

0 

103 

173 

239 

410 

694 

857 

1146 

448 

701 

883 

1141 

Body weight— gram. . . 

270 

272 

209 

174 

191 

177 

190 

156 

225 

239 

235 

236 

Gastric contents 













Fluid vol.— cc 

0.32 

0.53 

0,66 

1.03 

1.76 

2.49 

3.06 

2.79 

1.65 

2.46 

2.69 

3.12 

pH 

2.9 

2.S 

4.3 

3.4 

4.2 

4.8 

5.1 

6.7 

3.4 

4.7 

6.0 

5.3 

Glucose— mgm 

0 

2 

6 

30 

138 

352 

470 

625 

168 

384 

511 

755 

Chloride— mgm 

2,3 

2.5 

2.3 

2.6 

4.4 

6.6 

1 7.5 

7.7 





Gastric secretion— CO... . 

! 

2.17 

2.09 

2.16 

1.78 

1.86 

2.35 

: 2.06 

' 1.27 

1.62 

1.62 

1.97 

W 

Gastric emptying 











i 


Glucose— mgm 

0 

101 

i 167 

209 

i 272 

343 

387 

521 

280 

317 

373 

386 

Stand, error 





1 




10.7 

12.2 

16.9 

16.1 

Chyme— 00 


3.95 

3.63 

3.33 

2 .io; 

1.56 

1.46 

1.47 

1.85 

1.35 

1.24 

1.05 

Inteetinal contents 













Fluid vol.— cc 

0.81 

1.31 

1.20 

1.71 

2.63 

2.16 

3.20 

3.51 

3.09 

3.34 

3.29 

3.10 

Glucose— mgm 

0 

5 ! 

10 

23 

56 

68 

109 

155 

40 

65 

88 

75 

Chloride— mgm 

3.2 

5.2 


4.7 

6.2 

6.2 

7.4 

6.8 





Intestinal secretion— cc. 


-4.06 

-3.84 

-3.03 

-0.88 

-0.80 

+0.33 

+0.63 

-0,17 

+0.58 

+0.64 

+0.64 

Absorption— mgm 

0 

96 

166 

188 

216 

275 

278 

366 

240 

262 

285 

810 

Stand, error 









11,9 

11.6 

14.5 

16.1 

Absorption coefficient. . 


36 

82 

109 

114 

161 

152 

235 

109 

112 

123 

137 


on each working day the same number of animals from each of the series under 
investigation in order to rule out the influence of temperature changes, minor 
differences in routine, etc. In this manner results for series III-A, B, C, and 
D (male rats of colony B) vrere obtained. Since it seemed virtually impossible 
to determine the absolute volume of fluid poured into the intestine from sources 
other than the stomach, only the net intestinal secretion was calculated. This 
represents the balance between the addition of fluids other than chyme and the 
removal of fluid by absorption and by emptying into the cecum. 
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Individual results from the nearly 1000 animals used in this study are not 
shown here, but examination of these data (11) showed that within any given 
series the concentrations of chloride and glucose in the recovered fluids were 
nearly constant. The Cori absorption coefficient was subject to great varia- 
tions even among animals of nearly the same body weight and fed the same 
concentration of glucose solutions. There was a close relationship between 
gastric emptying and intestinal absorption. In one series of 24 animals a cor- 
relation coefficient of 0.8 was found between the amount of glucose emptied and 
the amount absorbed. 


TABLE 2 


Preliminary study, colony A, males and females 


SEKZES 

X 

a-15 

a-30 

a-45 

A-60 

F-15 

r-30 

F-4S 

f-60 

c-15 

C-30 

C-4S 

C-60 

Absorption period— min... 


15 

30 

45 

60 

15 1 

30 

45 

60 

15 

30 

45 

60 

Number of animals 

25 

10 

10 

3 

3 

10 

10 

11 

12 

15 

15 

16 

15 

Solution fed 














Concentration— % ••• 


5.5 

5.5 

5.5 

5.5 

10 

10 

10 

10 

13.5 

13.5 

13.5 

13.5 

Glucose— mgm 


103 

1 

104 

103 

103 

178 

177 

176 

173 

237 

237 

238 

239 

Body weight— gram 

190 

216 

239 

253 

272 

176 

232 

200 

209 

187 

180 

182 

174 

Gastric contents 














Fluid vol.— cc 

0.44 

1.16 

0.80 

0.43 

0.63 

1.70 

1.14 

0.78 

0.66 

1.62 

1.56 

1.43 

1.03 

pH 

4.1 

4.0 

3,9 

5.1 

2,8 

3.4 

4.7 

4.7 

4.3 

3.7 

3.6 

3.9 

3.4 

Glucose— -mgm 


20 

11 

1 

2 

56 

31 

14 

6 

105 

80 

40 

30 

Chloride— mgm,. . . 

2.1 

3.0 1 

2.8 

2.9 

2.5 

3.2 1 

2.9 

2.6 

2.3 

2.7 

3.2 

3.2 

2.5 

Gastric secretion— cc. 


1.35; 

1.51 

1.64 

2.17 

1.60 

1.63 

1.70 

2.09 

1.06' 

11.63 

2.12 

2.16 

Gastric emptying 














Glucose— mgm. . 


S3 

92 

102 

101 

122 

146 

162 

167 

132 

167 

199 

209 

Chyme — cc.. 


2.50 

3.02 

3.52 

3.95 

2.10 

2.69 

3.12 

3.63 

1.64 

2.27 

2.89 

3.33 

Intesunal contents 














Fluid vol. — cc 

1.41 

1.52 

1.27 

1.28 

1.31 

1.84 

2.10 

1.65 

1.20 

1.96 

1.86 

2.20 

1.71 

Glucose— mgm 

3.0* 

9 

6 

4 

5 

19 

18 

IS 

10 

40 

33 

28 

23 

Chloride— mgm. 

4.4 

4.4 

4.1 

5.2 

5.2 





5.4 

5.4 

6,1 

4.7 

Absorption— mgm 


74 

86 

98 

96 

103 ! 

I2S 

144 

156 

92 

124 

171 

ISS 

Absorption coefficient. . . 


141 

76 

52 

36 

238 

114 

98 

82 

205 

146 

127 

109 


* Reducing substances expressed as glucose. 


Series X (table 2) consisted of a group of animals which wei’e fasted 48 hours 
and then sacrificed mthout being fed. In this way the contents of the rats’ 
stomachs and intestines prior to feeding glucose solutions were established. 
Distilled water was fed to 16 animals of series B (only B-60 shown in table 1). 
It was clear that water was emptied very rapidly from the stomach and that 
within 15 minutes after feeding the chloride and water content of the gastroin- 
testinal tract had returned practically to the prefeeding level. The results with 
glucose solutions of 5.5, 10 and 13.5 per cent concentration are shown in table 2, 
those with solutions of 50 and 05 per cent concentration in table 3. In these 
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studies animals of colony A were used. In table 4 are shown the results ob- 
tained with male rats of colony B. In these experiments 50 per cent glucose was 
used exclusively. On any working day one animal was used from each of series 
IV-A, B, C and D to rule out the effects of changes in temperature, etc. Series 
IV-E, F, G, H and I, dealing chiefly wuth absorption, ^vere carried out by the 
Cori method (1). 

TABLE 3 


Preliminary study, colony A, males and females 


SESIES 

M-IS 

A 

m -30 

A 

1 M -45 

A 

U -60 

A 

m-120 

H -180 

M-IS 

B 

m -30 

B 

M -45 

B 

M-60 

BB 

D-IS 

J )-30 

»-4S 

d -60 

A 

Absorp. period— 






i 









min 

15 

30 

45 

60 

120 

180 

j 15 

30 

45 

60 

15 

30 

45 

60 

Number of 








i 







animals, 

10 

10 

9 

10 

9 

10 

15 

! 

14 

25 

14 

14 

12 

24 

Solution fed 
Concentration 















-% 

50 

* 50 

50 

50 

50 

50 

50 

50 

50 

SO 

65 

65 

65 

65 

Ghxcose— mgm. . 

850 

850 

850 

853 

850 

850 

842 

842 

842 

858 

1164 

1181 

1147 

1164 

Body weight— 








1 







gram . 

183 

i 207 

193 

194 

171 

1158 

203 

191 

197 

1188 

177 

177 

191 

i 169 

Gastric contents 















Fuid vol. — cc.. . 

2.40 

2.77 

2.51 

2.94 

2.86 

2.17 

2.91 

3.01 

3.19 

3.09 

2.32 

2.44 

2.82 

2.54 

pH 

4.4 

4.1 

5.8 

4.6 

3.1 

4.1 

5.5 

5.8 

4.2 

6.6 

6.5 

5.4 

5.6 

5.7 

Glucoee— mgm. 

525 

532 

493 

453 

393 

221 

569 

572 

544 

477 

593 

619 

539 

467 

Chloride— mgm. 

5.3 

6.1 

6.9 

7.8 

7.2 

6.5 

1 7.0 

7.4 

7.8 

7.4 

6.6 

6.0 

7.1 

7.0 

Gastric secretion 

— cc 

1,37 

1.84 

1.77 

2.36 

2.79 

3.81 

1.85 

2.04 

2.38 

2.44 

1.36 

1.78 

2.48 

2.40 

Gastric emptying 















Glucose — mgm. 

325 

318 

357 

400 

457 

629 

273 

270 

298 

381 

571 

562 

608 

697 

Chyme— cc 

1.02 

1.21 

1.40 

1.56 

2.07 

1 

3.28 

1.07 

1.16 

1.32 

1 . 5 l ' 

1.26 

1.60 

1.87 

2.09 

Intestinal contents 








1 







Fluid vol.— cc.. 

3.12 

3.02 

2.00 

2.66 

2.29 

2.68 

3.62 

3.58 

3.15 

3.41 

2.62 

2.66 

2.69 

3,59 

Glucose— mgm.. 

127 

108 

71 

82 

60 

75 

132 

98 

102 

119 

151 

158 

128 

197 

Chloride— mgm. 

6,8 

6.7 

5.9 

6.5 

5.6 j 

6.2 

8.2 

8.0 

7.1 

7.7 

6.4 

6.4 

6.4 

6.7 

Absorption— 






! 









mgm 

198 

211 

286 

318 

397 

554 

141 

172 

105 

262 

430 

411 

479 1 

499 

Absorption coeff. . 

434 

211 

198 

160 

119 

120 

291 , 

188 

136 

145 

1019 

479 

347 

309 


The data in tables 5 and 6 show the relationship of age, body weight and sex 
to the response of the gastrointestinal tract. Series I-A and I-B were carried 
out at the same time while I-C and V-A followed a little later. The values shown 
in table 6 were deteimined by the Cori method. All animals came from colony 
B. The animals in series V-F (table 6) emptied 341 mgm. of glucose from the 
stomach during the hour while those in series VI-B emptied 414 mgm. These 
two values are not shown in the table. 

Discussion. In agreement with Haddock, Trimble and Carey (12) no ap- 
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preciable glucose absorption from the stomach could be found. Macleod, 
Magee and Purves (2) have reported similar findings, while others, working with 
dogs and humans, have reported significant absorption of glucose from the 
stomach when concentrated glucose solutions were administered. 

A. Effect of concentration. The finding of increased intestinal absorption 
from the more concentrated solutions has been shown to be statistically signifi- 
cant and is in direct contrast to the data of Cori (1). It does agree with the 


TABLE 4 

Results obtained with male rats of colony B 


SERIES 

IV-A 

IV-B 

IV-C 

1 

IV-D 

IV-E 

IV-P 

IV-G 

IV-H 

IV-l 

Absorption period — ^min 

15 

30 

45 

60 

15 

30 

45 

60 

90 

Number of animals 

24 1 

24 

24 1 

24 

10 

8 

7 

17 

16 

Solution fed ' 










Concentration — % i 

50 

50 

50 

50 

50 

50 

50 

50 

50 

Glucose— mgm 

887 

886 

886 

887 

943 

900 

886 

896 

897 

Body weight — grams 

187 

191 

180 

180 

305 

290 

271 

283 

282 

Gastric contents 










Fluid vol. — cc 

2.57 

2.85 

2.74 

3.06 






pH 

5.1 

5.7 

5.5 

4.9 






Glucose— mgm i 

653 ! 

642 

579 

594 






Gastric secretion — cc 

1.02 

1.46 

1.57 

1.89 






Gastric emptying 










Glucose— mgm 

234 

245 

307 

293 




260 

397 

Stand, error — ^mean 

12.6 

7.7 

12.4 

11.5 






Chyme — cc 

0.66 

0.82 

1.04 

1.04! 






Intestinal contents 1 




1 






Fluid vol. — cc 

3.61 

3.43 

3.41 

2.94 






Glucose— mgm 

126 

98 

108 

88 






Absorption — ^mgm 

106 

148 

200 

204 

121 

176 

201 

240 

346 

Stand, error-mean 

6.2 

5.6 

10,1 

6.9 

9.0 

14.0 

6.6 

10.5 

15.1 

Absorption coefficient 

233 

il58 

[ 

151 

112 

160 

122 

99 

86 

83 


results of MacKay and Bergman (3) and others. The Cori absorption coeffi- 
cient was not constant even where body weights were practically the same. 

The fact that the pH of the gastric contents increased when the more con- 
centrated glucose solutions were fed indicates that the acid component of the 
gastric juice has been progressively inhibited. This inhibition of acid produc- 
tion by concentrated glucose solutions has previously been shown by Manville 
and Munroe (13). Since, however, the total gastric secretion increased when 
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concentrations from 25 to 65 per cent were fed, it must be concluded that there 
was a marked increase in the production of the non-acid component of the gastric 
juice, due very likely to the increasing osmotic pressure of the gastric contents. 

TABLE 6 


Results obtained with rats of colony B; absorption period 60 minutes 


SERIES 


I-B 

I-C 

V-A 

Number of animals 

25 

25 

25 

24 

Solution fed 





Concentration — % : 

50 

50 

50 

50 

Glucose— mgm 

882 

883 

; 897 

882 

Sex 

M 

M 

M 

F 

Body weight— grams 

246 

129 

i 182 

l 

183 

Age— days 

149 

68 

127 

163 

Length of fast — hours 

48 

48 

48 

48 

Gastric contents 





Fluid vol. — cc 

3.43 

3.09 

2.83 

3.29 

pH 

5.4 

5.2 

5.6 

5.2 

Glucose— mgm 

557 

605 

571 

510 

Gastric secretion — cc 

2.44 

1.84 

1.7? 

2.50 

Gastric emptying 





Glucose — ^mgm 

325 

279 

326 

371 

Stand . error — mean 

10.5 

11.1 

14.8 

13.0 

Chyme — cc 

1.21 

0.96 

1.12 

1.41 

Intestinal contents 





Fluid voL— cc 

3.18 

2.15 

2.53 

3.72 

Glucose — mgm 

65 

55 

76 

85 

Intestinal secretion — cc 

+0.56 

-0.22 

0 

+0.90 

Absorption — mgm 

261 

224 

250 

286 

Stand, error — mean 

10.5 

12.5 

9.7 

12.7 

Absorption coefficient 

107 

175 

137 

158 


The progressive decrease in the volume of chyme emptied during the experi- 
mental period as more and more concentrated solutions of glucose were fed is 
a quantitative expression of the well known fact that concentrated glucose 
solutions in contact with the duodenum inhibit gastric motility as shown by 
Quigley and Phelps (14) and others. The emptying of the stomach was inversely 






616 


PAUL p. PEJSrrON 


proportional to the square root of the concentration fed. Because the glucose 
concentrations of the solutions leaving the stomach increased as greater con- 
centrations of sugar were fed, the amount of glucose reaching the small intestine 
increased despite the decrease in the volume emptied. It seems likely that 
this increased amount of sugar available in the intestine determined in part the 
increased amount of sugar absorbed. The increasing amount of net intestinal 
secretion may be attributed to the greater osmotic pressure of the intestinal 
contents as more and more concentrated glucose solutions were fed. 

TABLE 6 


Results obtained with rats of colony B; absorption period 60 minutes; concentration of solution 

fed 60% 


SESX£S 

NO. OF 
ANIMALS 

BODY 

WEIGHT 

AGE 

SEX. 

LENGTH 

OF FAST 

GL0OSE 

FED 

GLUCOSE 

ABSOEBED 

ABSORP- 
TION COEF- 
FICIENT 

II-A 

24 

srams 

204 

days 

M 

hours 

48 

mgm. 

933 

mgm. 

259 =b7.5* 

128 

V-B 

24 

160 

147 

F 

48 

957 

242 ±7.6 

153 

II-B..... 

30 

116 


M 

48 

966 

220 =fc6.1 

192 

II-I 

9 

116 

51 

M 

48 

849 

203 d=8.5 

175 

V-Ei 

6 

96 

51 

F 

48 

849 

177 

185 

II-J 

8 

152 

60 

M 

48 

842 

223 dbl4.3 

144 

V-Ej 

3 

108 

61 

F 

48 

838 

187 

173 

II-K 

4 

181 

70 

M 

48 

855 

242 

132 

V-Ea 

3 

120 

70 

F 

48 

855 

182 

151 

II-L 

6 

168 

80 

M 

48 

833 

233 

141 

II-N 

11 

181 

138 

M 

48 

976 

257 ±13.4 

144 

V-D. ... 

8 

160 

127 

F 

48 

885 

219 ±14.0 

137 

II-O .... 

10 

270 

184 

M 

48 

876 

252 ±14.5 

93 

II-D 

24 

145 

73 

M 

48 

873 

220 ±13.9 

152 

II-E 

20 

225 

152 

M 

48 

873 

204 ±12.0 

91 

V-C 

7 

168 

152 

F 

24 

867 

258 ±13.7 

154 

VI-A.... 

7 

259 

152 

M 

24 

867 

348 ±10.5 

135 

V-F 

25 

156 


F 

24 

994 

290 ±8.9 

187 

VI-B.... 

24 

232 


M 

24 

994 

378 ±14.1 

165 


* Standard error of the mean. 


B. Relation of time. The finding that the gastric emptying rate was greatest 
during the 15 minutes following feedii^ was in good agreement with the data of 
Pierce, Haege and Fenton (9) obtain^ by an entirely different method. The 
vii'tually complete cessation of gastric emptying during the second quarter 
hour when concentrated solutions were used was in nice agreement with the 
observations of Quigley and Phelps (14) and Greengard, Gray and Ivy (15). 
As Karr et al. (16) have shown to be true in humans, the intragastrically ad- 
ministered glucose solutions begin to be emptied from the stomach almost 
immediately upon being placed there. This early bui’st of activity may then 
be pictured as being followed by inhibition of nervous and hormonal origin; 
in due time, as the inhibitor^’' phase wears off, gastric emptying is gradually 
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resumed but never reaches the initial rapid rate. It can be seen from table 3 
that of the total amount of sugar emptied in three hours more than half was 
poured out in the first 15 minutes. Of particular interest was the apparent 
second inhibitory phase of gastric emptying observed in the first experiments 
in table 3 (M-15-A to M-180). During the entire second hour of the experiment 
only 67 mgm. of glucose were emptied or an average of 14 mgm. per quarter 
hour as compared with 43 mgm. emptied during the last quarter of the first hour. 
In the first experiments of table 4 (IV-A, B, C and D) a similar situation was 
seen. In this case the periods of inhibition were during the second and fourth 
quarter hours. From this it would seem that when gastric emptsdng was re- 
sumed after the first inhibitory phase enough chyme of a sufficiently high glucose 
concentration was emptied to initiate a second phase of inhibition of gastric 
motility. 

The rate of gastric secretion decreased with time as m^ht be expected. The 
rapid dilution of very concentrated glucose solutions observed in these studies 
agreed wdl with the finding of Eavdin et al. (17) that a 50 per cent glucose solu- 
tion placed in the dog stomach was reduced to 17.9 per cent in one hour. Most 
significantly the rate of absorption, while irregular, did essentially decrease with 
time. It could well be aigued that the emptying and absorption rates decreased 
with time in the studies shown in table 2 because not enough glucose was pres- 
ent to maintain a constant rate. This objection cannot be made to the ex- 
periments in which 50 and 65 per cent glucose solutions were fed. Actually 
at the end of three hours (series M-180) 296 mgm. of glucose still remained un- 
absorbed. ■ Contrary to Cori’s concept (1) the rate of absorption as well as the 
absorption coefiBdent decreased with time. This fimding agrees well with those 
of a number of investigators (3, 4, 5). 

G. Rdaiion of body weighi, age and sex. To prove his theory that absorption 
was proportional to body weight, Cori (1) cited particularly data of two ani- 
mals: the first a female rat wdghing 117.7 grams and absorbii^ 219 mgm. of 
glucose in one hour, the second a male weighii^ 173.7 grams and absorbii^ 
320 mgm. These values expressed as grams of glucose absorbed per 100 grams 
of body weight per hour were 0.186 and 0.184 respectively. The chief objec- 
tion to this seemingly excellent proof lies in the fact that the light animal was 
fed 522 mgm. of glucose, while the heavier received 1145 mgm. Since absorp- 
tion has been shown to vary wdth the amount of glucose administered and since 
the absorption rate decreases with time, the absorption coefficient cannot be 
used as a reliable means of reporting absorption data. Furthermore, it can be 
seen from tables 5 and 6 that absorption did not vary linearly with body w'eight. 
Neither was absorption entirely independent of body wdght. It may be con- 
cluded that male animals weighing more than 145 grams and 70 or more days 
old absorbed about the same amount of glucose in one hour. Cori (1) did, of 
course, state that he intended to apply the absorption coefficient only to ani- 
mals ranging in weight from 120 to 180 grams. Yet a comparison of series 
I-B (129 grams) with I-C (182 grams) dbows the former absorbing 224 mgm. of 
glucose, the latter 248 mgm., a difference which was found to be statistically 
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significant, but one ■which should be much greater if absorption increased in 
proportion to the body weight. 

It is somewhat difficult to explain the low absorption rates of series II-D 
and II-E. This finding could not be correlated with prevailing conditions of 
temperature and humidity. This points to the absolute necessity in this type 
of work to compare data from experiments performed simultaneously. 

Prom table 5 it becomes apparent that the gastric emptying rate of the im- 
mature animals (series I-B) was less than of the older animals (series I-A and 
I-C). 

Calculations on a group of 24 animals gave the follo'wing coefficients of vari- 
ability: absorption in mgm. 27.5 per cent, absorption coefficient by body we^ht 
30.1 per cent, absorption coefficient by surface area 25.2 perc ent. This agrees 
with the findii^s of Pierce et al. (4) and many others. 

Although Deuel et al. (18) and Althausen (19) concluded that female rats 
absorbed more glucose than males, MacKay and Bergman (3) found little dif- 
ference. The results in these papers were expressed in terms of the absorption 
coefficient (in the MacKay paper on the basis of body surface). If these results 
are recalculated into terms of the absolute amount of glucose absorbed, glucose 
absorption in the male was equal to or greater than in the female. With one 
exception the results of the present study bear out the findings of the earlier 
workers: the female animals absorbed less sugar than the males, but the ab- 
sorption coefficients were the same in one case or definitely greater for the fe- 
males. Only in one case (series V-A) was the absolute amount of glucose ab- 
sorbed greater for the females than for the corresponding series of males. It is 
interesting to note that if the animals were fasted only 24 hours prior to the ex- 
periment, the difference in absorption between males and females was much 
more pronounced. 


STTMMAET AND CONCLUSIONS 

1. No appreciable glucose absorption occurred from the rat stomach ligated 
at the cardia and pylorus when a 50 per cent glucose solution was placed into 
the stomach. 

2. Absorption from the intestine of the intact animal increased significantly 
as the concentration of the solution fed increased. 

3. The volume of chyme emptied from the stomach was inversely proportional 
to the square root of the concentration of glucose fed. 

4. The total volume of gastric secretion reached a minimum with 25 per cent 
glucose. The pH of the gastric contents increased with the concentration fed. 

5. The rates of gastric secretion, gastric emptying and intestinal absorption 
decreased with time. 

6. When concentrated glucose solutions were fed, the stomach showed one 
and sometimes two phases of inhibition of motility. 

7. The rates of gastric emptying and intestinal absorption were closely related. 

8. The Cori absorption coefficient was not constant. 
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9. Animals weighing 145 grams or more and 70 or more days old absorbed 
about the same amount of glucose per hour when a 50 per cent solution was fed. 

10. Animals weighing less than 145 grams and less than 70 days old absorbd 
less glucose and had lower gastric emptying rates. 

11. With one exception the females showed a lower absorption rate than male 
animals. This difference was much more pronounced after 24 than after 48 
hours of fasting. 

12. Increasing the length of the preexperimental fast from 24 to 48 hours 
decreased both the emptying and absorption rates. 

The author wishes to thank Dr. Harold B. Pierce for his helpful suggestions 
and patient teaching. 
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In 1930 Hersliey (1) and in 1931 Hershey and Soskin (2) reported that the 
addition of 10 grams of lecithin daily to the diet of depancreatized dogs treated 
nith insulin was effective in preventing the accumulation of fat in the livers of 
these animals and in permitting survival. In 1932 Best, Hershey and Huntsman 
(3) demonstrated that a diet of mixed grain and 40 per cent beef fat would pro- 
duce a marked fatty infiltration of the livers of normal rats. This type of dietary 
fatty liver was found to be prevented by the addition of small amounts of choline 
to the food (4-6). The beneficial effect of lecithin in preventing fatty infiltration 
of the liver in depancreatized dogs was found to be due to choline (7,8). Follow- 
ing this demonstration, it was widely believed that the active principle in raw 
pancreas, previously shown to be effective in preventing fatty infiltration of the 
liver of depancreatized dogs, w'as also choline. In 1936 Dragstedt, Prohaska and 
Harms (9, 10) concluded that the effect of raw pancreas feeding in preventing 
fatty livers and permitting survival of depancreatized dogs was not diie to pan- 
creatic enzymes or to choline but to a specific substance in pancreas. This 
substance they believed to be a hormone, which they called lipocaic. They 
based this contention on the demonstration that the amount of choline present 
in an effective dose of pancreas was ineffective when given in pure form and on 
the finding that the feeding of liver and brain, both of which contain more choline 
than does pancreas, was also ineffective. In a later paper (11) the preparation 
of an active extract of pancreas almost free of choline was described. 

In 1937 MacKay (12) reported that an extract of pancreas prepared as de- 
scribed by Dragstedt, Van Prohaska and Harms was effective in preventing and 
in curing the type of fatty infiltration of the liver that occurs in rats on a low 
protein, high fat diet. This finding was confirmed by Aylward and Holt (13) 
and by Best and Ridout (14). Both groups and also MacKay and Barnes (15) 
however concluded that the effect of this pancreas extract could be accounted for 
on the basis of its choline and protein content. On the other hand Channon, 
Loach and Tristam (16), using similar methods, came to the opposite conclusion. 
In commenting on this work Dragstedt and his associates (11) pointed out that 
fatty infiltration of the liver in animals may be produced in a great variety of 
ways and that the significance of each state may not be the same. Subsequent 
work has demonstrated that a number of quite different factors may influence 

‘ This work has been aided by grants from Armour and Company, The Josiah Macy Jr. 
Foundation and the Dou^as Smith Foundation for Medical Research of the University of 
Chicago. 
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the fat content of the liver of normal animals fed various dietary modifications 
and both McHenry (17) and Best and Lucas (18) have caEed attention to the 
necessity of distinguishing various types of fatty livers which have been utilized 
in experimental studies. 

Methionine has been demonstrated to be a potent lipotropic substance (19-21). 
Supplementary methionine has been reported to prevent and cystine to augment 
deposition of fat in the livers of rats on a high fat low protein diet (22-25). The 
marked lipotropic action of certain proteins has been correlated with their me- 


TABLE 1 


Showing the effects of methionine, cystine and lipocaic on dietary fatty livers of white 

male rats 


DIET 

Basal 

0.5% cystine 

0.5% methioninfe. . . 

0.5% cystine — ] 
0.5% methionine/ ‘ 

1.25% lipocaic ^1. 

3.0% lipocaic lit 2., 

1.25% lipocaic ll^l) 
0.5% cystine / 

5.0% lipocaic ^2) 
0.5% cystine /' 

1.6% lipocaic UtZ.. 

0.3% lipocaic UtZ., 

0.1% methionine . . 


NO. EATS 

AVEKAQE 
INITIAL WT. 

AVEEAGE 
WT. CHANGE 

AVERAGE 
FOOD PEE 
DAY 

^AVEEAGE TOTAL 
LIVEE PATS 

8 

grams 

133.0 

grams 

-4.7 

grams 

8.0 

% Sti. error 

31.52 ±3.052 

4 

124.0 

+0.5 

6.8 

29.17 ±2.249 

8 

130.0 

+19.6 

9.0 

9.35 ±1.033 

8 

121.0 

+18.9 

8.6 

10.43 ±1.434 

4 

126.0 

+6.0 

8,2 

7.39 ±1.370 

4 

118.0 

+17.7 

10.7 

6.20 ±1.154 

2 

« 

114.0 

+17.0 

9.5 

7.78 ±1.465 

4 

113.0 

+44.0 

11.8 

6.86 ±0.425 

4 

199.0 

-15 

11.2 

6.01 ±1.004 

8 

193.0 

-11.0- 

11.2 

15.61 ±1.759 

8 

198.0 

+8.1 

11.5 

26.49 ±4.210 


thionine content (26, 27). These observations indicate the possibility that the 
lipotropic activity of lipocaic may be due to the presence of methionine. Inositol, 
recently reported as a potent lipotropic factor (28, 29), has also been suggested as 
the active substance in lipocaic. When tested on depancreatized dogs, however, 
(34) it was found to be less effective than an equal amount of fat-free pancreas 
extract. Since this extract could not be pure inositol, its activity must have been 
due to other substances. 

Fatty livers produced in rats by feeding high fat, low protein, choline deficient 
diets are characterized by marked increase in the glyceride and relatively small 
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increase in the cholesterol fractions of liver lipids. The same is true of the fatty 
livers obtained by feeding or injecting rats supplementary thiamine, with or with- 
out fat in the diet. These have been variously termed “thiamine” or “dietary” 
or “fat” fatty livers, and are readily prevented by small amounts of choline and 
protein (or methionine). According to McHenry, on the other hand, fatty livers 
obtained in rats by feeding or injecting supplementary biotin contain large 
amounts of cholesterol and relatively smaller amounts of glycerides. In this 
respect they are simil ar to the fatty livers occurring in depancreatized dogs main- 
tained on insulin. Both are relatively insensitive to choline but are readily pre- 
vented by small amoimts of lipocaic. 

The following experiments were undertaken with a two-fold purpose: first, to 
determine whether choline and protein (or methionine) are entirely responsible 
for the lipotropic action of lipocaic in the dietary fatty liver of the white rat; and 
second, to investigate the possibility of substituting the white rat for the much 
more costly depancreatized dog in assaying various lots of lipocaic (previously 
suggested by McKay) (30). 

Experimental. White male rats kept in individual cages were used through- 
out the experiment. They were observed daily and given food and water as 
needed. The basal diet consisted of 5 per cent casein, 40 per cent lard, 48 per 
cent glucose, 5 per cent Osborne and Mendel salt mixture and 2 per cent agar. 
Approximately 1.0 gram of Mead’s Brewer’s yeast powder and 4 to 6 drops of cod 
liver oil were mixed thoroughly with each 20.0 grams of food. The various test 
substances were substituted for an equivalent amount of glucose in the test diets. 
The only significant amount of choline was that contained in the yeast powder. 
No exact figures of the choline content of this particular yeast are available, but 
according to work by Fletcher (31), it is probably in the neighborhood of 2.4 
mgm. per gram of yeast. 

Three different lots of lipocaic, prepared according to directions of Dragstedt 
(32) were used: Raw beef pancreas was ground in the food chopper and stirred 
for twenty-four hours with sufficient 95 per cent alcohol (acidified with H2SO4) 
to give a final alcoholic concentration of 60 per cent, assuming that the pancreas 
was 60 per cent water. This was filtered through fine mesh gauze, the solids re- 
extracted with 60 per cent acidified alcohol for twenty-four hours, filtered, and 
this second filtrate added to the first. The resulting cloudy liquid was filtered 
through paper in the refrigerator two or three times to remove fat, brought to pH 
7.0 with dry calcium oxide, and the precipitate removed by filtering through paper 
at room temperature. In lot 1 , this final clear, brownish solution was lyophilized, 
and the 3 neld was small (0.22 gram from 100 grams raw pancreas). Lots 2 and 
3 were obtained by evaporating the final solution to dryness on trays in a warm 
chamber. The material was harvested by scraping and stored in the ice box 
until used. Lot 2 gave a yield of S.Tgrams and lot 3 a yield of 1.6 grams per 100 
grams raw pancreas. Lot 2 was analyzed for choline® and methionine®. No 
choline was found. The methionine content was found to be 1.25 per cent and 

* Analysis done by Dr. W. W. Scott, Department of Urology. 

» Analysis by Dr. Fred C. Koch of Armour and Company. 
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1.28 per cent on two determinations. Lots 2 and 3 contained 1.0.4 and 9.22 grams 
per cent total nitrogen respectively. 

At the end of the experimental period (21 days) each animal was weighed, 
etherized and the entire liver removed while the heart was still beating. The 
livers were freed of blood as much as possible by blotting with filter paper, placed 
in weighed flasks, minced, and weighed. They were then placed in a 70° oven 
until thoroughly dry (4-7 days), cooled in a desiccator and re-weighed. 

Determination of total fats and lipids was done according to the method em- 
ployed by Eichelberger (33). This is, briefly, as follows: The dried hvers were 
extracted with ether (three times) and petroleum ether (two or three times) until 
fat-free, dried in a desiccator and re-weighed. The weight lost during the extrac- 
tion was regarded as the weight of the total fats and lipids. • • . 

Results. The results are given in table 1. Livers of rats on the basal diet 
contained a very high percentage of fat. 

The addition of 0.5 per cent cystine to the diet did not result in a significant 
change in the percentage of fat. However, three of the eight animals on the 
cystine diet died. on the 8th, 12th and 18th days, respectively, while a, fourth 
became obviously sick and ate nothing during the last five days of the experiment. 
These four animals are not included in the tabulated results. 

The addition of 0.5 per cent methionine to the diet reduced the average total 
fats and lipids to 9.35 per cent. This does not differ significantly from the 10.43 
per cent average in the group receiving 0.5 per cent methionine and 0.5 per cent 
cystine. 

Six groups of animals received lipocaic. All animals receiving lipocaic with 
or without cystine had liver fats significantly lower than thos^ fed the basal diet 
with or without added cystine. There was no significant difference in the per- 
centage of fat in the livers of animals receiving lipocaic alone and of those receiv- 
ing lipocaic plus 0.5 per cent cystine. The average total fats apd lipids for the 
eighteen animals receiving adequate amounts of lipocaic (1.25 to 5.0 per cent) 
with or without cystine was 6.72 ±0.467 per cent. This is significantly lower 
than the 9.35 ± 1.033 per cent average for the eight animals recdving 0.5 per cent 
methionine. Furthermore, a group of eight rats fed 0.3 per cent lipocaic no. 3 
had liver fats significantly lower than those fed the basal diet or with 0.5 per cent 
cystine. This amount of lipocaic was not as effective as 0.5 per cent methionine, 
however. 

A group of eight rats fed the basal diet supplemented with 0.1 per cent methio- 
nine had an average of 26.49 per cent total liver fats and lipids. • The difference 
between this and the 31.52 per cent and 29.17 per cent averagesfor rats receiving 
the basal diet with or without 0.5 per cent cystine is of dubious significance. 
This amount of methionine is, roughly, twice the amoimt of methionine contained 
in the 3 per cent lipocaic diet prepared with the same lot of lipocaic on which 
methionine determinations were made. 

Discussion. We have assumed that the fatty livers obtained in this experi- 
ment belong to the type termed “dietary” fatty livers, although we have not yet 
determined the relative amounts of cholesterol and glycerides. It may be well 
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to point out that our basal diet contained some choline and all members of the B 
complex of vitamins (contained in the brewer's yeast powder). There is a grow- 
ing body of evidence that certain members of the B complex have a profound 
influence upon fat metabolism and conflicting results in experiments upon lipo- 
tropic factors may, therefore, be due to slight variations in the amounts of these 
vitamins contained in the experimental diets used by various workers. 

The basal diet in the above experiments contained only 5 per cent protein. If 
the nitrogen in the lipocaic were all protein nitrogen, the maximum protein added 
in any group was 3.15 per cent (in the group receiving 5 per cent lipocaic plus 0.5 
per cent cystine). This still leaves the total protein content of the diet far below 
the 15 to 20 per cent which previous investigators have found necessary before a 
lipotropic effect is' apparent when casein is the protein. Since there was no 
choline and less than 2 per cent methionine in the lipocaic assayed for these sub- 
stances, the marked lipotropic effect of the lipocaic must have been due to some 
constituent other than choline, protein or methionine. 

No antagonism was demonstrated betw'een methionine and cystine or between 
lipocaic and cystine at the levels used in our diets. However, supplementkry 
cystine apparently made it more difficult for animals to survive on a low protein 
diet. The only animals dying in the course of the experiment were three that 
mceived cystine. 


CONCLUSIONS 

1 . Fatty livers were produced in rats by diets rich in fat and low in protein. 

2. These fatty livers could be prevented by the addition of 0.5 per cent methio- 
nine or of 1.25 to 5.0 per cent pancreas extract (lipocaic). 

3. The addition of 0.5 per cent cystine to the diet produced no significant 
effect on liver fat. 

4. Since there was no choline and less than 2 per cent methionine in the pan- 
creas extract it is concluded that the lipotropic effect of lipocaic on dietary fatty 
livers in rats must be due to some constituent other than choline, methionine, or 
the non specific action of protein, 
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> The belief that bile is essential for life is well-founded and is supported by a 
large Volume 'of evidence. Whipple (1) in a review on bile in 1922 stated that 
bile is necessary for normal life and even actual continuation of life beyond a few 
months. The review by Schmidt (2) a few years later presented the same opin- 
ion. More recently, in his book on bile, Horrall (3) concluded that bile is 
essential for life of both man and experimental animals. 

The outstanding fiiidings in dogs which result from prolonged bile loss are 
spontaneous bleeding from prothrombin deficiency, osteoporosis and duodenal 
ulcers, as reported by Hawkins and associates (4, 5). However, Crandall et al. 
(6-9) in their studies on dogs with total bile fistulae reported that their animals 
remained alive *for over a year in some cases. The dogs received no bile, but 
Were given the fat-soluble vitamins parenterally. A hyperchronxic macrocytic 
anemia was shown to develop in less than 4 months under these conditions. 
Furthermore, the anemia was responsive to liver extract therapy, and was con- 
sidered to possess possibilities for assay purposes. The present report deals 
with total bile fistula dogs which were given no bile at any time. In spite 
of this, apparently normal health has been maintained over a period of years. 

Methods. Bile fistulae of the cholecystnephrostomy type were performed in 
4 dogs, using the technic of Kapsinow, Engle and Harvey (10). In each case, 
the common bile duct was doubly ligated and cut. Previous experience showed 
that these animals had little appetite and lost much weight following the opera- 
tion. Furthermore, they rapidly developed anemia. This situation also 
occurred in the 4 dogs being described. Their condition was so critical 1 month 
post-operatively, a decision was made to feed them by stomach tube. Feedings 
consisted of a quart of milk in which was thoroughly mixed 2 eggs, 60 grams of 
glucose, and 2 slices of white bread for each animal daily. A few days later, the 
dogs appeared much stronger and readily ate this same mixture from a pan. 
Thereafter, body weight was rapidly regained and the anemia disappeared, so 
this special diet was stopped after about 2 months. Since then the animals have 
received our stock diet for dogs, namely, canned dog food (while this was avail- 
able) and dog biscuit. In addition, it was found that a quart of milk was needed 
daily per animal to maintain body weight. Parenteral administration of vita- 
mins A, D and K has been continued from the time of operation to the present.^ 

1 The animals received a daily dose of 1000 units of vitamin A, 500 units of vitamin D, 
and 1.1 mgm. of 2-methyl -1,4-naphthoquinone. These were dissolved in cottonseed oil 
and given as one intramuscular injection every 2 weeks. Alpha-tocopherol was also ad- 
ministered at the start, but was discontinued after a few months. 
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No attempt has been made to give other vitamins in addition to those in the 
food. Ferrous gluconate was given per os for 1 month about 2 months post- 
operatively but was found to be unnecessary. 

Complete red blood cell studies were made at weekly intervals for 18 weeks 
after operation. United States Bureau of Standards certified pipettes were used 
for erythrocyte counts. Hemoglobin level Avas determined by photoelectric 
colorimeter. Hematocrits were measured in Wintrobe tubes. In addition, 
x-ray pictures were taken of the long bones, and prothrombin times, blood lipid 
levels, serum phosphatase values, and gastric juice acidities were determined. 
Three dogs are now dead, 16, 25 and 42 months, respectively, after operation. 
Deaths were accidental and not due directly to their bile fistulae. Post-mortem 
findings will be discussed later. The remaining animal is alive and apparently 
in good health 3| years following operation. 


;HMT 

50 

45 

40 

35 
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Fig. 1. Erythrocyte changes in a dog following production of complete biliary fistula. 
Eed blood cells are expressed in millions per cu.mm., hemoglobin in grams per 100 cc., and 
hematocrit as percentage of whole blood volume which is cells. 


Results. Erythrocyte studies. In the first month after operation, the red 
cell count, hematocrit and hemoglobin fell rather abruptly. No variation in 
mean diameter of red cells occurred. There was no distinct change in mean 
corpuscular volume or mean corpuscular hemoglobin in any animal. Once the 
dogs were started on the special diet mentioned above, there was a rapid improve- 
ment in the blood picture with a return to normal in about 2 months. At no 
time was a hyperchromic macrocytic anemia observed. The results are some- 
what in agreement with those of Last and Last (11), whose animals showed only 
an intermittent low-grade macrocytic hyperchromic anemia. Forty-two months 
post-operatively, the remaining 2 dogs showed a perfectly normal erythrocyte 
picture. The course in 1 of these dogs is illustrated in figure 1, which is typical 
for the other animals. In view of the relation between recovery from anemia and 
adequate food intake, it appears the anemia may have been a nutritional type. 

Two prothrombin determinations in each of the 2 dogs which survived 3 
years were 24.5, 26, 28 and 29 seconds by Link’s modification (12) of Quick’s 
method. These values are normal. 
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Body weight. Changes in body weight of these dop paralleled the change in 
blood picture. There w'as a rapid weight loss in the first month followed by 
recovery when the dop were given the special diet. On resumption of a regular 
diet plus milk, weight gain continued, 2 animals becoming several kilc^rams heav- 
ier than before operation. The third dog has varied in weight from somewhat 
above original to 1 to 2 kgm. below, usually being slightly below. The fourth 
animal, 5 months post-operatively, at which time body weight was peater 
than originally, suddenly began to lose weight. In spite of a return to the special 
liquid diet, this animal continued to be somewhat underweight. Following 
‘Seconal Sodium’ (Sodium Propyl-methyl-carbinyl Allyl Barbiturate, Lilly) 
anesthesia, which resulted in death of this dog, necropsy revealed evidence of 
partial biliary obstruction which may accoimt for the w'eight loss. Figure 2 
shows graphically the course of weight changes in these animals. 



Fig. 2. Effect of complete loss of bile on body weight of 4 adult dogs. The internal bile 
fistula operations were performed a few days after the first weights. 

X-rays of long bones. In 3 of the dop, x-rays were taken of the long bones of 
of the hind limbs 24 months post-operatively. The fourth dog had died before 
this. A noimal dog was included and exposure times were equivalent in each 
instance. Bone stmcture proved to be nonnal for all the bile fistula dop, no 
osteoporosis being evident whatsoever. It should be remembered that these 
dop received adequate amounts of vitamin D paienterally. 

Blood lipid determinations. Three total blood lipid determinations® were per- 
formed on the 2 suiwiving animals 26 to 29 months post-operatively. The values 
obtained were 600, 650 and 1067 mgm. per 100 cc. of blood in 1 dog and 523, 
480 and 597 mgm. per 100 cc. of blood in the other. These values are about at 
the low ranp of normal. Certainly no hypolipemia was present comparable 
to that present in depancreatized dop or animals whose pancreatic ducts have 
been ligated (13). 

Serum phosphatase levels. Using a modification of the method of King and 

® All blood lipid determinations were graciously performed by Dr. L. R. Dragstedt of the 
University of Chicago. 
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Armstrong (14) adapted to a photoelectric colorimeter, alkaline serum phos- 
phatase determinations were made in the dogs which were living 25 months 
post-operatively. Values i-anged from 6 to 12 units which ai-e entirely normal. 
This is in contrast to the report of Thannhauser and associates (15) who noted an 
increase of 10 to 20 times the normal serum phosphatase level in their dogs ivith 
complete biliary fistulae. They found the maximum values occurred about 1 
week after operation and their animals lived an average of only 6 wedks, whereas 
the writer’s results were found at a much later date. 

Oastric acidity. Twenty-five months post-operatively, alcohol test meals were 
run on the 2 surviving bile fistula animals as well as 2 normal dogs. The results 
were entirely normal which suggests that lack of bUe, did not result in develop- 
ment of high acidity of the gastric juice. This is important in the possible 
etiology of peptic ulcer reported frequently to develop in total biliary fistula 
dogs. Dragstedt (16), however, appears to be of the opinion that hepatic 
infection or partial biliary obstruction may be necessary factors for development 
of ulcer in these animals. 

Pathologiefitidings. Post-mortem examination of the 3 dogs now dead showed 
the following positive findings. In the animal which died 16 months after 
operation, the cholecystnephrostomy was healed, open, and functioning, the 
right kidney being one-half as large as the left which was hypertrophic, but 
otherwise normal. Mild chronic cholecystitis and cholangitis plus great dilata- 
tion of common bile and hepatic ducts were present. The 2 ligatures used to tie 
the common bile duct ivere still in place. Mild luinary cystitis also was noted. 
Apparently the cause of death was cellulitis of the ri^t thigh, which may have 
resulted from an injection of vitamins a few days previously. 

The dog which died 25 months post-operatively as a result of failure to re- 
cover from ‘Seconal Sodium’ anesthesia showed mild chronic cholecystitis and 
cholelithiasis with many small bile pigment stones in the biliary tract. The 
stoma between gall bladder and right renal pelvis was so small, only the tip of a 
probe would pass. Furthermore, the common bile and hepatic ducts were dilated 
to the size of a lead pencil. This dog showed additional evidence of obstruction 
in that the small intestines and pancreas were yellow-stained on the outside. The 
old ligatures of the common bile duct also were present. The left kidney was 
twdce normal size. Around the region of anastomosis were numerous adhesions. 

Death of the third animal resulted from a laparotomy performed 3| years after 
cholecystnephrostomy. This second operation was done in order to make 
certain the common bile duct had been ligated and cut. Many adhesions were 
present in the operative field. In breaking these adhesions to locate the bile 
duct, a large hemonhage occurred from the portal vein. In spite of treatment, 
the dog died 6 hours post-operatively. Necropsy revealed a normal biliary 
tract with little or no dilatation of the ligated common bile duct. No bile was 
seen in the duodenum. The opening between gall bladder and right kidney was 
large. One small bile pigment stone was found in the right renal pelvis. The 
right kidney was one-half normal size, the left kidney being hypertrophied. 

Laparotomy on the fourth dog 3| years following establishment of the fistula 
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showed the common bile duct to be ligated. It was dilated above the point of 
ligation to a diameter of about 25 mm. Incision of the dilated duct revealed it to 
be filled with a granular sediment which appeared to be bile pigment. Numerous 
adhesions were present around the fistula. The right kidney was almost com- 
pletely atrophic and the left kidney about twice normal size. No other abnor- 
mality was noted. 

An important negative finding was the complete absence of peptic ulcers or 
scars in the stomach or duodenum of these dogs. The milk in the diet may have 
contributed to prevention of ulcers. 

Since going to press, Hawkins (17) has raised the question of vitamin E de- 
ficiency. He has noted certain changes in his bile fistula dogs that may be as- 
sociated with lack of vitamin E. As the fourth dog had died of peritonitis 
before this problem arose, only a few tissues were available for microscopic 
sections. The third dog showed a small amount of brownish pigment in muscle 
cells of the ureter and in the phagocytes beneath the mucosa, plus some pigment 
in liver cells. Slight pigmentation was also noted in the gall bladder muscle of 
the fourth dog, while much pigment was found in phagocytes in stroma and some 
in the muscularis. Both of these animals at laparotomy showed a brownish 
discoloration on the outside of the small intestines and pancreas which was 
similar to that seen in the second dog. This may have been brown pigmentation 
of vitamin E deficiency rather than bile-staining. 

SUMIVIARY 

Four dogs with complete internal biliary fistulae lived for a considerable period 
of time apparently in good health without any bile therapy whatsoever. Diet 
consisted of dog biscuit and milk. Fat-soluble vitamins were administered 
parenterally. After developing anemia and losing weight immediately after 
operation, these animals recovered completely. Studies in some of these dogs 
showed normal prothrombin time, blood lipids, serum phosphatase, and gastric 
acidity. No spontaneous hemorrhages, osteoporosis or peptic ulcers developed. 
Three dogs have died 16, 25 and 42 months post-operatively, death resulting 
from causes other than the bile fistulae. The remaining dog is still alive and 
appears normal more than 3^ years after operation. The essentiality of bile 
for the life of the bile fistula animals appears to reside largely in its facilitating 
the absorption of fat-soluble vitamins. 

Acknowledgrmnt. The author wishes to express thanks to Dr. L. R. Drag- 
stedt who offered many valuable suggestions in this work. 
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For x-ray diffraction studies of bones, those of the fish are particularly well 
adapted. Their relatively small size and low salt content permit shorter x-ray 
diffraction exposures and make it possible to reduce appreciably the time neces- 
sary for decalcification. Also because of the anatomy of certain fish there are 
vaiious long bones on which the functional stresses act at widely different angles. 
It is therefore possible in such bones to study the effects of function upon their 
x-ray diffraction patterns. Parallel studies were made on mammalian bones 
(rat, cat, lamb) in order to correlate these findings. Our x-ray diffraction appa- 
ratus has been described in former papers (Spiegel-Adolf and Henny, 1939). 
For this special kind of investigation a cylindrical-film camera of a 50.8 mm. ra- 
dius was constructed. The specimen is rotated around its longitudinal axis, 
which is parallel with the slit defining the x-ray beam. The cylindrical camera 
was used in order to obtain the results in the form of a Hanawalt analysis. Be- 
sides this the usual flat-film cameras were used. 

In a first series of experiments, we wanted to ascertain how far the diffracto- 
grams of the fish bone coincide with the ones of the mammalian bone. The latter 
has been widely identified with the diffraction pattern of apatite. According to 
references in the literature, fish bones contain more Na than mammalian bones 
(see Hammarsten) . Hendricks and Hill suggest that the Na content of the latter 
is not accounted for in the assumed apatite structure. An x-ray diffraction 
study of the fish bone seemed, therefore, warranted. 

A diffractogram of a fish rib^ shows at least 8 diffraction lines. The most 
prominent in decreasing order of intensity correspond to spacings of 2.73, 1.76, 

2.22 A. 

In order to obtain data directly comparable with our own results in mammalian 
bonCvS and the ones of Reed and Reed on rat bones and apatite, a diffractogram of 
the same fish bone wa.s made in both the flat-film and the cylindrical-film camera. 

Table 1 gives a summary of our figures compared with the ones of Reed and 
Reed for rat bone. 

A comparison of these data seem to indicate the following results: 

Within a certain medium range (2.22-4.62 A) there seems to exist a satisfac- 
tory coincidence between the diffractograms obtained in the cylindrical and in 
the flat camera. Because of limitations of our cylindrical-film camera, we were 
not able to record the diffracted rays below an appreciable angle and thus the 
greater atomic spacings could not be measured. Because of the longer pathway 

1 The ordinary fish rib corresponds to the lower rib of the herring and salmon, 
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of the diffracted x-rays in the diffracting material which occurs with the shorter 
spacings, the latter ones are either partially or completely missing in the dilfracto- 
grams produced in the flat-film camera. The cylindrical-film camera is useful 
in making measurements of the intensity of the diffraction lines (as in a Hanawalt 
analysis) as well as in making measurements for the interplanar spacings. 

2. A comparison between the data in columns 2 to 5 seems to indicate that the 
diffractograms of bones of fish, lamb, rat and cat are within a certain range very 
similar to each other. These findings are interesting in view of the small chemi- 
cal differences between fish and mammalian bones mentioned before. 

TABLE 1 


Interplanar spacings of hones {Angstroms) 


FISH BONES 

LA.MB LONGIT. 
SECT. 

L\MB CROSS 
j SECT.* 

CAT SKULLf 

RAT FEMORf 

REED AND REED 
RAT 

Giro. 

Flat 


8.62 


8.31 

8.62 

8.62 

8.29 

4.63 

4.62 

5.16 

5.16 

5.16 

5.16 

5.31 


3.77 

3.67 

3.67 

3.77 

3.73 

3.76 

3.36 

3.38 

3.38 

3.33 

3.33 

3.33 

3.42 

3.04 

3.04 

3.01 

3.02 

3.01 

3.00 

3.10 

2.7S^t 

2.75 

2.71 

2.73 

2.73 

2.73 

2.78 



2.45 




2.60 

2.223 

2.28 

2.22 

2.26 



2.37 







2.08 

1,93 


1.92 

1.90 1 



1.92 




1. S 2 




1.762 






1.71 

1.43 








* Because of the orientation in longitudinal sections of bones to be discussed later a 
diffract ograin of a cross section of a mammalian bone has been included in this table. 

t Two hour exposures, while in the other diffractograms four hour exposures were used. 
The shorter exposure time probably accounts for the fact that the lines from the shorter 
spacings did not show up. 

i Indexes in order of falling intensity. 


3. In the last column of table 1, is shown data of Reed and Reed concerning 
the x-ray diffraction pattern of rat tibia. The agreement between these figures 
and ours is fairly good, in fact about as good as that between our own data. This 
agreement is the more interesting as Reed and Reed have been able to identify 
their diffraction patterns of rat bone with the ones of apatite. 

In a second series of studies, x-ray diffraction patterns of decalcified bones were 
examined. Although J. H. Clark, for theoretical reasons, suggested the existence 
of crystalline organic structures within bones, no clear-cut experimental evidence 
has yet been offered. One of the experimental difficulties which this problem 
presents is due to the fact that the procedure of decalcification is able to destroy 
the structure of the osteo-collagen. Like most of the previous authors, we used 
5 per cent HNO3 as a decalcifying agent. By judiciously choosing the size of the 
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fish bones and the thinness of the bone slabs (0.25 mm.) it was possible to cut 
down the time of contact with the acid to two hours. The specimen was washed 
thoroughly in running tap water until the reaction became neutral. The swell- 
ing effect of bound acid which was possibly present and the loss of electrolytes 
was counteracted by keeping the decalcified and washed specimens in saline 
solution for about 18 hours. After this treatment the bones were dried at room 
temperature with or without applying a constant weight (100 grams). The 
diffractograms of such decalcified bones (rib of fish, longitudinal slab of femur of 
rat and humerus of lamb) show a distinct pattern consisting of at least two pairs 
of equatorial points and one pair of meridional sickles. This pattern is practically 
identical with the one given by tendons when the primary x-ray beam is perpen- 
dicular to the longitudinal axis of the structure (see fig. 1). A further similarity 
exists because stretching of tendons or decalcified bones does not result in new 
diffraction lines. Besides, the fact raised by Herzog and Gonell, that collagen 



Fig. 1. a. (Left) decalcified lower rib; b. (Right) frog tendon. The longitudinal axis 
of each specimen coincides with the vertical axis of the diffraction pattern. 

lacks species specifity seems to fit for osteo-collagen also, since decalcified bones 
of fish and rat give similar patterns. We are fully aware of the fact that our so- 
called osteo-collagen is chemically not pure collagen since nothing has been done 
to remove the other protein constituents (osteo albumin and osteo m\icoid). 
Apparently in their original state they do not interfere with the diffraction pat- 
tern. Their presence becomes manifest if the fish bones have been boiled 
previous to decalcification. The ring corresponding to the '‘back bone” spacing 
of the proteins is sharpened, a phenomenon occurring only in proteins subject to 
heat-denaturation (Spiegel-Adolf and Henny). The patterns of the decalcified 
bones are clearly oriented and so are the patterns of longitudinal slabs of long 
bones (Clark and Mrgudich, Reed and Reed). We \vere interested in a tw’'o-fold 
aspect of this question. We wished to ascertain ^vhether or not the orientation 
of the inorganic and the organic parts of a bone are influenced by the shape and 
function of the bone and if so, to w-hat extent. For both purposes bones from 
herring and salmon are particularly fit. These fish have both upper and louver 
ribs which stand roughly at right angles (see Claus-Grobben). X-ray diffraction 
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patterns of longitudinal slabs of long bone (rat, lamb) and lower ribs show a 
marked meridional orientation in two rings corresponding to spacings 3,38 and 
3.67 A. Equatorial orientations (Reed and Reed) also could be noticed. But 
while Reed and Reed report a widening in the equatorial diameter of only one 
ring, we were able to demonstrate similar changes in at least two diffraction rings 
(fig. 2), Cross sections of long bones give no orientation (confirming findings of 
Clark and Mrgudich), But neither does the diffraction of the upper rib show 
signs of orientation although the primary x-ray beam intersects the bone perpen- 
dicularly to its longitudinal axis. After decalcification complete parallelism 
between the orientation of the original and the decalcified bones becomes manifest. 
No signs of orientation were noticeable either in the diffractograms of the cross 
section or in the one of the upper rib. In the case of the cross section, as in im- 
stretched gelatine, the two sickles of the oriented form are replaced by a complete 
ring. 



Fig. 2. Longitudinal slab of lamb humerus. The longitudinal axis of each specimen 
coincides with the vertical axis of the diffraction pattern. 

It may be interesting to speculate as to whether the same stress has produced 
both the orientation in the organic and in the inorganic material pattern, or 
whether the former has provided the matrix for the crystallization of the inor- 
ganic salts (J. H. Clark, Bucher), We have observed a similar kind of orienta- 
tion in flat skull bones of the cat Avhich are not of cartilaginous, but of mem- 
branous origin. 

The lack of orientation in both the original and decalcified upper rib of the fish 
seems to indicate that the function rather than the shape of the bone determines 
the orientation of its structure. Astbury has shown that squeezing of keratin 
induces an orientation similar to that produced by stretching. The orientation 
of the lower rib can therefore be explained by the “squeezing” action of the lateral 
pressure of the surroundings acting perpendicularly to the longitudinal axis. In 
the case of the upper rib this same pressure should act parallel to the longitudinal 
axis and therefore no orientation similar to the one of the lower ribs could be 
expected. 

As an indirect proof of these assumptions, we were able to show that if a decal- 
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cified upper rib is dried while weighted with 100 g the subsequent diffraction 
pattern becomes very similar to the one of the decalcified lower rib and to the 
tendon pattern. 


SUMMARY 

1. X-ray diffraction patterns of fish bones have been recorded and compared 
with diffractograms of bones of various mammalians. The three most intensive 
diffraction lines in decreasing order correspond to spacings of 2,73, 1.7(5 and 
2.22 A. 

2. Non decalcified long bones of mammalians and lower fish ribs show marked 
orientation in the meridional sector of two rings. Upper fish ribs and cross sec- 
tion of long bones do not show signs of orientation. 

3. The x-ray diffraction patterns (x-ray beam perpendicular to the longitudinal 
axis) of decalcified (lower) ribs of fish and of decalcified longitudinal slabs of long 
bones from mammalians are practically identical to those of tendon taken under 
similar conditions. Decalcified (upper) fish ribs and decalcified cross sections of 
long lamb bones show the pattern of gelatine without signs of orientation. 

4. If a decalcified upper rib is stretched while drying, then a pattern similar to 
the one of lower ribs and tendon results. 

REFERENCES 

Astbitry, W. T. and W. A. Sisson. Proc. Roy. Soc. A. 150: 533, 1935. 

Bucher, R. Bone System, from Medizinische Kolloidlehre. Ed. by L. Lichtwitz,. 

R. E. Liesegang and K. Spiro. Dresden and Leipsic, Th. Steinkopff, 1932. 
Clark, G. L. and J. N. Mrgudich. This Journal 108: 74, 1934. 

Clark, J. H. This Journal 98: 328, 1931. 

Claus, V. and K. Grobben. Textbook of zoology. 2nd ed., p. 747, Marburg in Hessonia, 
N. G. Elwert, 1910. 

Hammarstbn, 0. Textbook of physiological chemistry. 9th ed., p. 433-434. Munich 
and Wieshaden, G. F. Bergmann, 1922. 

Hanawalt, D. T., H. N. Rinn and L. K. Frevel. Industr. Engin. Chem. (Anal, ed.) 
10: 457, 1938. 

Hendricks, S. B. and W. L. Hill. Science 96: 255, 1942. 

Herzog, R. 0. and H. W. Gonell. Ber. Deutsch. Chem. Gcsell. 58: 2228, 1925. 

Reed, C. I. and V. P. Reed, This Journal 138: 34, 1942. 

Spiegel-Adole, M. and G. C. Henny. J. Am. Chem. Soc. 61: 2178, 1939. 

J. Physical Chem. 46: 581, 1942. 

Fed. Proc. 4: 104, 1945. 



THE AMERICAN 

Journal of Physiology 

VOL. 144 OCTOBER 1, 1945 No. 5 

THE EFFECT OF DECOMPRESSION OF HUMAN METABOLISM 
DURING AND AFTER EXERCISE^ 

S. F. COOK and ENRIQUE STRAJMAN 
From the Aero Medical Unit, University of California, Berkeley 

Received for publication March 6, 1945 

In a previous paper (Cook, 1945) evidence was advanced which indicates a 
reduction in the resting oxygen consumption in humans and in mice when these 
organisms are subjected to severe, acute decompression. A study of cell respira- 
tion some years ago (Cook, 1931) showed the same effect to be present in mam- 
malian and amphibian tissues, in particular muscle. It seemed therefore prob- 
able that the reactions underlying muscular activity, or exercise, would also be 
affected. 

Six series of experiments were performed in the decompression chamber, each 
representing a different type and degree of muscular exertion. In each case 
the resting metabolism of the individual was determined (at sea level or at some 
specified altitude) with the McKesson respirometer. Then exercise was per- 
formed after which the recovery was followed while the subject rested. For 
simplicity in comparative presentation the oxygen volumes have been equated 
to the resting value, taking the latter as 100 per cent. 

The six series were the following: 

(Senes I. The “standard step-up” on a nine inch platform used in many of the 
decompression studies carried on in this laboratory. The rate was 15 steps 
per minute and the duration five minutes. Six subjects. 

(Senes 11. The same step-up at 20 steps per minute for ten minutes. Five 
subjects. 

(Senes III. The same step-up at 15 steps per minute for twenty minutes. 
Five subjects. 

(Senes 77. The subject, lying fiat on his back, was required to elpvate an eight 
pound iron bar to arms length. This was repeated at the rate of 15 times per 
minute for six minutes. Eight subjecfs. 

Series Y. The subject was required to perform a step-up exercise wifli a 
nine inch step. In modification A he stepped up uang the same leg at the rate 

^ The work described in this paper was done under a contract recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the University of California. 
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of 30 steps per minute for two minutes. In modification B he alternated legs 
at the same rate and for the same duration. Nine subjects. 

Series VL The subject, while sitting, was required to grasp a thirty-five 
pound iron bar, lift it from a stand and hold it free for one minute, the muscular 
contraction being almost wholly isometric. 

Series I, II, III, V and VI were performed at sea level and at 30,000 feet. 
Series IV was performed at sea level and at 10,000, 18,000, 30,000 and 33,750 
feet simulated altitude. 




• Bea level determinations. 

O Altitude determinations. 

All exercises except series VI were selected such that if continued for a 
long enough period the subject would come to a steady state. In series I the 
total duration was too short for this condition to become clearly manifest. The 
result in series II is shown in figure 1 . At sea level the mean excess oxygen usage 
is almost constant shomng nearly, although not quite, a perfectly steady state. 
At 30,000 feet the excess oxygen increased more slowly during the first three 
minutes and then rose more rapidly until at the end of the exercise peiiod the 
oxygen debt was definitely greater than it was under sea level conditions. Figure 
2 illustrates the same phenomenon as found with the longer exercise of series 
III. The arm exercise, series IV, is even more striking (see fig. 3). This activ- 
ity, for the muscular elements concerned, is far more intense and fatiguing 
than the standard step-up. At sea level, after approximately three minutes, 
a substantially steady state is attained. At 10,000 feet where, vith pure oxygen 
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in the respirator, there can be no question of anoxia, the curve keeps liang 
during the ax minutes. At 18,000 and 30,000 the rise is respectively more sharp. 
It is noteworthy, not only that the effect is observed at very low altitudes, but 
also that the intensity of the effect increases consistently with rising altitude. 

Since the existence of a steady state during muscular activity is generally re- 
garded as representing a dynamic balance between the anaerobic formation 
of acid metabolites, such as lactic add, and their aerobic oxidation, the results 
here described indicate that decompression retards the latter reaction. This 
is in conformity with earlier published results with artificial oxidation systems 
which showed the site of the decompression effect to be the terminal oxidation 
system. 


TABLE 1 


SERIES 

ALTITUDE 

PER CENT OP TOTAL OXYGEN 
USED DURING EXERCISE 


I 

Sea level 

84.8 

C.R. = 3.27 


30,000 

73.5 


J1 

Sea level 

91.7 

C.R. = 6.9 


30,000 

86.8 


III 

Sea level 

95.9 

C.R. - 4.8 


30,000 

90.2 


IV 

I Sea level 

85.0 



1 10,000 

80,3 



18,000 

77.0 



30,000 . 

72.3 



33,700 

71.9 


V, one leg 

Sea level 

61.0' 

C.R. « 5.14 


30,000 

45.0 


V, both legs 

Sea level 

63.0 



30,000 

57.0 1 



If oxidation is delayed one would expect to find that it finally occurs 
during the recovery period following exercise. Data bearing on this point are 
given below'. In table 1 that fraction of the total excess oxygen which was used 
during the exercise is given. The balance of course was used during recovery. 
All values are the means for each series. If oxidation recovery is delayed or 
retarded then the time for copaplete return of the metabolism to the resting level 
should be greater. The data covering this point are in table 2 and figure 4 (which 
shows recovery in series V). In series I, II, and III it was not feasible to carry 
the subject to complete restoration. In those series, therefore, the data are in 
terms of the time to reach the value of 10 per cent above resting level. In series 
IV and V the times represent minutes after exercise necessary to secure complete 
recovery. 
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In the step-up series I, II and III there is a consistent and significant tendency 
for the oxygen consumption during exercise to be less and that after exercise 
to be greater at 30,000 feet than at sea level. Concurrently the final recovery, 
or reveraon to the resting rate is materially delayed. In series IV this effect is 
clearly shown to be a function of altitude. One may conclude, therefore, that 
decompression so interferes with the aerobic removal of metabolites in the muscle 
(or elsewhere in the body) that there is a greater accumulation of such substances 
during the activity and a decelerated removal subsequently. 

It would be expected that regardless of altitude the total excess oxygen con- 
sumption would be the same, provided, as is the case, that the work done during 
the exercise is identical, although the reactions might be delayed by the decom- 


TABLE 2 


SERIES 

ALTITUDE 

minutes for recovery 

SUBSEQUENT TO EXERCISE 

1 

DIFFERENCE 




min. 

I 

Sea level 

8.5 

7.5 


30,000 

16.0 


ir 

Sea level 

15.0 

7 


30,000 

22.0 


III i 

Sea level 

26.0 

10 


30,000 

36.0 


IV 

Sea level 

3.3 

i 


18,000 

4.1 



30,000 

4.7 


V, one leg 

Sea level 

20 

22 

1 

30,000 

42 


V, both legs 

Sea level 

20 

5 


30,000 

25 



pression. It appears, however, that in some cases there is an actual increase in 
total oxygen usage, with altitude, which means a proportionately greater energy 
expenditure and reduced efficiency. These data are shown in table 3. Table 
3, A, gives the mean excess oxygen consumption, where the resting value is 100 
per cent, for the six series. Table 3, B, shows first the total excess consumption 
for series IV with different altitudes; and second, the per cent increase of this 
excess over the sea level value. 

Series I, II and III show no significant change in total excess oxygen at 30,000 
feet, nor does series V, using both legs. But series IV and series V, usiag one leg, 
show a very marked increase at the higher altitude. Moreover in series IV the 
change is linear with increasing decompression. The only discernible difference 
in the exercises involved is that in series IV and series V with one leg the amount 
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of work done by each muscle group is greater than in the standard series. In 
other words, the effort is localized. Series V was planned with this distinction in 
mind. On the one hand, a certain quantity of mechanical work is done by both 
legs together; and on the other hand, the same work is performed by one leg 
alone. The data in the tables show that under the latter circumstances the 
shift in per cent oxygen consumption during exercise is greater (table 1). The 
time of recovery is longer (table 2), and the oxygen consumption is much greater 
(table 3). In series IV, likewise, a small group of arm and shoulder muscles 
were forced to do intense work, even to the point of disagreeable fatigue. Here 
the same phenomena are manifest. 


TABLE 3 
A 


SEMES 

EXCESS OXYGEN CONSmiPTION DUE TO EXERCISE AT 3O,Q0O FEET 
EXPRESSED AS PER CENT OE THE EXCESS AT SEA LE^L 

I 

7 (Insignificant) 

II 

—5 (Insignificant) 

III 

0 (Insignificant) 

IV 

44 (Significant, C.R. = 4.6) 

V, one 

45 (Significant, C.R. « 3.1) 

V, both 

—7 (Insignificant) 

VI 

—34 (Significant, C.R. = 4.0) 


B 

Series IV 

ALTITUDE 

EXCESS OXYGEN IN PER CENT 

OF RESTING VALUE FOR THE PARTICU- 
LAR ALTITUDE 

PER CENT INCREASE IN EXCESS OXYGEN 
over THE EXCESS AT SEA LEVEL 

Sea level 

340 

0 

10,000 

418 

24 

18,000 

462 

36 

30,000 

488 

44 

33,760 

523 

54 


In view of the results of the first five series, that of series VI appears particularly 
striking. In series VI the subject was forced to undergo a strenuous isometric 
contraction of the arm muscles in holding a thirty-five pound bar for one minute. 
The exercise was highly fatiguing, despite the absence of motion. As is shown 
in table 3, A, the excess oxygen consumption is 34 per cent less at 30,000 feet 
than at sea level. 

The central problem posed by these results is to account for the variations in 
oxygen consumption during and after exercise which are induced by decompres- 
aon. The tendency observed in some series for recovery to be delayed is explica- 
ble on the assumption that decompression inhibits the aerobic phase of the carbo- 
hydrate cycle. This assumption would follow reasonably from the previous 
demonstration of inhibition of resting metabolism. But a ample inhibition or 
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deceleration of the reactions as a whole would not predict a change in the total 
oxygen usage. The only clue to the cause of this phenomenon which has at pres- 
ent come to hand is the type of exercise accompanying the variation in 
metabolism. Exercise which is moderate and which involves free motion does 
not seem to alter the total excess oxygen consumption at altitude. Activity 
which uses a relatively small group of muscles in motion carried nearly to fatigue 
shows an increased consumption at altitude, but when the contraction is isometric 
but stUl fatiguing the total consumption is reduced. The essential distinction is 
between isotonic and isometric contraction. Two possible lines of explanation 
are open. 1. Decompression exerts a differential effect on the various compo- 
nents of the terminal aerobic oxidation system in muscle. It would have to foUow 
that these components differ quantitatively in isometric and isotonic contraction. 
No concrete evidence’ exists to support such a hypothesis. 2. The conditions 
of intra-nauscular circulation are different in the two types of contraction, and 
therefore the oxygen pressures at the cells are different. Even conceding such 
to be the case, it is difficult to visualize how decompression can exert a differential 
effect on the local circulation so as to bring about the observed results. It is 
clear that further investigation will be necessary before any final answer can ho 
given. 


SUMMARY 

The oxygen consumption during and after activity was measured in six groups 
of subjects at various altitudes. Each of the groups performed a different exer- 
cise, four being modifications of the standard step-up and two, arm exercises. In 
all series except one the metabolic rate increased during the activity faster 
at an altitude of 30,000 feet than at sea level. The ratio of oxygen consumed 
during recovery to that consumed during activity was greater at altitude as 
was the length of time necessary for restoration of the resting level. These 
effects were shown in the arm series to become increasingly evident as the 
individual is decompressed from sea level to respectively 10,000, 18,000, 
30,000 and 33,750 feet. When the exercise is relatively isotonic and localized, 
decompression increases the total oxygen consumption due to the exercise. 
When the muscular contraction is isometric and localized, decompression de- 
creases the total consumption. 

It is concluded that the basic disturbance in the aerobic cell oxidation system 
described in previous reports manifests itself during muscular work by increasing 
the rate at which an oxygen debt is incurred and by retarding the rate of recovery, 
as well as by altering the total excess metabolism. 
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Opinion is still dixided as to whether vitamin requirements vary with climate. 
It is important to establish these facts, because, if physiological reactions and 
nutritional requirements are different under varied climatic conditions, diets 
and therapeutic measures may have to be modified accordingly. A number of 
investigators ha^^e undertaken experiments dealing with vitamin requirements 
under conditions of high temperature and humidity, but the interpretation of 
the results has not yet resulted in agreement (1-7). 

The following investigation is a study of varied intake of certain B vitamins, 
with special emphasis on thiamine, in relation to growth and food consumption 
of rats as influeiKied by tropical environment. 

Methods used in liver assays. The procedure used for the determination 
of thiamine was a modification of the thiochrome method of Hennessy and 
Cerecedo (8). Riboflavin w^as deteimined by the method of Snell and Strong 
(9), and pantothenic acid by the method of Pennington, Snell and Williams (10), 
and by the technique of Silber and Mushett (11). Nicotinic acid was deter- 
mined by the method of Snell and Wright (12). 

Experimental procedure. The conditions used in this study were 90°F. 
and 70 per cent humidity for the experiments in tropical environment, contrasted 
with temperate conditions of 72°F. and 50 per cent humidity. In the descrip- 
tion of the following experiments the teims “tropicaP’ and “temperate’^ refer 
specifically to these conditions. 

The rats were maintained on an adequate stock diet before receiving the spe- 
cial diet used in these experiments. The experimental diet consisted of casein 
(vitamin-free, Harris) 18 per cent; dextrose 68 per cent; salt mix U.8.P. no. 1, 
4 per cent; hydrogenated ve^getable oil (Crisco) 8 per cent; cod liver oil 2 per 
cent. The vitamins' added were 0.2 mgm. thiamine hydrochloride, 0.2 mgm. 
riboflavin, 0.3 mgm. pyridoxine, 0.5 mgm. nicotinic acid, 0.05 gram choline 
(diloride, 0.05 gram inositol, and 0.375 gram whole dried liver per 100 grams of 
diet. The vitamins and liver were either incorporated in the diet or adminis- 
tered separately wdien it seemed desirable to vary the intake in relation to the 
other dietary constituents. The procedure used is specified in each case. 

The plan of each experiment was similar. For each group in the tropical 
environment, there were two in the temperate environment — one fed the same 
diet ad libitum, another restricted to the identical caloric and vitamin intake of 
the tropical group. 

The standard error of the mean is stated for numerical values. The data have 
lieen statistically evaluated using the F and t tests described by Snedecor (13). 
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Graphs shown represent per cent weight, taking the initial "weight as 100. 

Experiment 1. The object of this experiment was to ascertain the influence 
of tropical environment on rats with varied intake of certain of the B vitamins. 

The test animals were 48 male albino rats with an average weight of 344 db 
7.2 grams. 

The vitamins were incorporated in the diet. Two groups received an addi- 
tional supplement by oral dosing as indicated in table 1. Food consumption 
was measured daily and body weights recorded every other day. 

The grouping of the animals, the daily average food consumption found, and 
the thiamine intake are shown in table 1. 

After the rats had been in the tropics 81 days a stable weight response was es- 
tablished. The weight changes over this period are shown in figure 1. With 
the vitamins incorporated in the diet, the weight of the tropical rats (group I) 

TABLE 1 


Experiment I. Average food consumption and vitamin intahe computed over an 81 -day test 

period 


GROUP 

NO. or RATS 

BN.VIRONMENT 

POOD 

AVERAGE 
GRAMS FOOD 
DAILY 

AVERAGE 

MICROO^tAMS 

THIAMINE 

DAILY 

I 

12 

Tropical 

Ad libitum 

10.0 

20.0 

II 

12 

Temperate i 

Ad libitum 

19.7 

39.4 

III 

12 

Temperate ! 

Restricted to intake of I 

10.0 

20.0 

TV 

6 

Tropical 

Ad libitum 

11.0 

22 

42* 

V 


Temperate 

Restricted to intake of IV 

11.0 

22 

42* 


* After 26 days of test these animals were given additional vitamins by oral dosing to 
approximate the intake of group II. 


was 25 per cent inferior to the temperate rats feeding ad libitum (group II), 
and 25 per cent superior to the temperate restricted rats (group III). 

The curves of the two tropical groups (groups I and IV) showed almost no 
divergence, while the two temperate restricted curves (groups III and V) varied 
significantly. The daily food consumption was higher in the groups receiving 
the greater vitamin allotment (see table 1) which resulted in a relatively greater 
increment in weight increase in temperate than in tropical rats. 

To determine whether the greater weight of group V was due to the slightly 
higher caloric intake or the difference in thiamine intake, two temperate groups 
of 6 rats each (average weight 267 grams ± 5.97) were subsequently put on test 
and restricted to 10 grams of diet daily. The vitamin intake corresponded to 
the previous levels of restricted groups. Over a period of 46 days the weight 
curves differed by less than 3 per cent, demonstrating that the increased vitamin 
intake did not enhance weight under these conditions. 

To assay the livers for certain of the B vitamins, 5 rats in each of the original 
groups were sacrificed after an 81 -day test period. The livers were immediately 
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frozen after removal. The ratio of liver weight to body weight was not signifi- 
cantly different among groups. The results of these assays are shown in table 2. 

The concentration in the livers of riboflavin, pantothenic acid and nicotinic 
acid showed no significant differences among any of the groups. However, thi- 
amine did^show differences among all but 3 groups as is indicated in table 2. 

Tropical groups. 

' — I feeding ad libitum.. 

X— CT- feeding ad libitum, 2x vitamins. 

Temperote groups. 

— -IT- feeding od libitum. 

— -m- restridted feeding, paired with Tropieol I. 

% x— T — restricted feeding, 2x vitomins, poired with Tropical Iff. 

WT,^ 



DAYS. 

Fig. 1. Experiment I. Curves represent percentage of body weight taking the initial 
weight as 100. Groups correspond with those in table 1. 

When the thiamine calorie ratio was the same, there was no significant dif- 
ference in the liver thiamine of temperate rats, whether feeding ad Kbitum or on 
restricted ration, or between tropical and temperate rats feeding ad libitum, 
although the actual caloric intake was 50 per cent less in the tropics. Increasing 
thiamine in relation to caloric intake resulted in a proportionate increase of liver 
thiamine compared to corresponding groups receiving less thiamine in both 
tropical and temperate environment. 

Eccperiment 2. A second experiment was carried out in which the relative 
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growth of rats receiving daily intakes of 6, 10 and 30 micrograins of thiamine .in 
both tropical and temperate conditions was determined. 

The same basal diet was used as that previously described, except that, the 
dried liver was increased to 75 mgm. per rat per day and was given with tlu' 
vitamins in caster cups. Therefore, in addition to the supplement every rat 
was receiving 0.2 microgram of thiamine daily from this liver. By feeding the 
vitamins in this way, the same vitamin intake in corresponding tropical and 
temperate groups was assured and the influence of varying levels of thiamine per 
se could be observed. All vitamin levels, mth the exception of thiamine, were 
the same as in the foregoing experiment. 

TABLE 2 

Experiment I. Results of liver assays for thiamine, riboflavin, pantothenic acid, 
and nicotinic acid after an 81 — day test period 


The standard error of the mean is shown for the figures below. All thiamine values 
are statistically significant except those between groups I and II, between groups II 
and III, and between groups III and IV. 


GROUP 

ENVIRONMENT AND 
FEEDING 

WT. 2 
DAYS 
BEFORE 

WT. 

AT 

TIME 

WT. OF WHOLE 
FRESH LIVER 

LIVER WT. 
PER 100 OMC. 

MICROGRVMS PER GRAM FROZEN LIVER 


SACRI- 

FICE 

SACRI- 

FICE* 

BODY WT. 

Thiamine 

Riboflavin 

Panto- 
thenic acid 

Nicotinic 

acid 

I 

Tropical ad libi- 
tum 

gm. 

328 ±S 

gnt, 

316 

8.09 d=1.47 

2.56 ±0.23 

2.28 ±0. 16 

43 ±4.32 

77 ±S.40 

135 ±U.3 

II 

Temperate ad 
libitum 

448 d=42 

434 

11.50 zklM 

2.56 ±0.96 

3.53 ±0.30 

45 ±6.45 

72 ±13.15 

123 ±9.52 

III 

Temperate re- 
stricted to I ... w 

254 =b26 

239 

5.36 =hl.83 

2.67 ±0.70 

4.78 ±0.22 

41 ±10.32 

79 ±9.88 

128 ±21. S 

IV 

Tropical ad libi- 
tum (additional 
vitamins) 

343 d=9 

331 

6.38 =hl.6 

2.33 ±0.97 

5.05 ±0.03 

45 ±4.56 

81 ±fl.3G 

129 ±7.63 

V 

Temperate re- 
stricted to IV 
(additional vi- 
tamins) 

307 =fcU 

291 

6.41 =fcl,5 

2.56 ±0.26 

7.69 ±0.02 

48 ±8.27 

79 ±6.21 

136 ±8.40 


* Deprived of food 24 hours before aaerifiee. 


The 90 rats used were male and female albinos bred at the Merck Institute' 
and bom within 4 days of each other. The nine groups were composed of •'> 
males and 5 females each and were arranged as shown in table 3. 

After 85 days, when the tropical groups appeared to have reached a fairly 
stable plateau, all rats receiving 30 and 10 micrograms thiamine per day were 
reduced to 2 micrograms daily. 

Consistent with the previous experiment, the food consumption of the trop- 
ical rats feeding ad libitum dropped between 30 per cent and 50 per cent below 
that of the corresponding temperate groups. Since these rats were younger, 
and growth was normally more rapid, the weight of all groups showed a greater 
percentage increase than in the preceding experiment (expt. 1). Although the 
actual weight of the females was less than that of the males, their response to 
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the conditions of the experiment was relativety similar. The same basic dif- 
ferences were apparent as in the previous experiment. 

The weight response of the male groups is shown in figure 2. 

Oxygen consumption determinations were made on all the rats in this experi- 
ment using the Richards and Collison technique (14). A slight decrease in 
oiiygen uptake in the tropics was obseived, but the question has arisen whether 
or not the testing chamber in this apparatus at the higher temperature became 
saturated with moisture, making heat loss difficult for the animal and subject- 
ing him to conditions different from the experimental tropical environment. 

TABLE 3 

Experiment II, Organization of groups 

Curves for the males are shown, in figure 2. The standard error of the mean is given 
for the weights. 


GROUP 

ENVIRONMENT 


NUMBER OP RATS 


MICROGRAHS 

THIAMINE 

FEEDING 



Male 

Av. wt. at Start 

1 Fern. 

Av. wt. at start 

DAY 


XII A 

Tropical 

5 

190 ±11.2 

5 

170 ±6.7 

30 

Ad libitum 

XIII A 

Tropical 

5 

216 ±10.9 

5’ 

157 ±6.6 

10 

Ad libitum 

XIV A 

Tropical 

5 

214 ± 9.46 

5 

172 ±7.06 

5 

Ad libitum 

XII B 

Temperate 

5 

199 ±19.42 

5 

167 ±5.6 

t 30 

Ad libitum 

XIII B 

Temperate 

5 

218 ±10.6 

i S 

158 ±5.16 

i 10 

Ad libitum 

XIV B 

Temperate 

5 

213 ±14.4 

5 

166 ±3.62 

5 

Ad libitum. 

XII C 

Temperate 

5 

209 ±12.8 

5 

177 ±8.27 

30 

Restricted to 

XII A 

XIII C 

Temperate 

5 

211 ±12.8 

5 

152 ±9.0 

10 

Restricted to 
XIII A 

XIV C 

Temperate 

5 

212 ±16.4 

5 

165 ±8.6 

5 

Restricted to 

XIV A 


Experiment 8. The purpose of this experiment w'as to extend the range of 
thiamine levels from a deficient intake to a massive intake of 300 micrograms of 
thiamine per day. The work was organized in the same manner as heretofore. 
Nine groups of 7 male albino rats each were used having an average weight of 
242 grams. The basic diet was the same as in the preceding experiments. The 
liver (75 mgm.) and the vitamin supplement were fed in caster cups. There- 
fore, in addition to the vitamin supplement each rat was receiving 0.2 microgram 
thiamine per day from this liver. The vitamin levels remained the same as 
before with the exception of thiamine. In order to compare the uniformity of 
response of the groups in each cat^ory, all the rats received 30 micrograms of 
thiamine per day for the first 23 days. TTiereafter, three levels of daily thiamine 
intake — ^300 micrograms, 30 micrograms and a deficient intake were started as 
shown in table 4. The results of this experiment are graphically presented in 
figure 3. 
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Food consumption of the tropical groups feeding ad libitum again dropped 
30 per cent to 50 per cent below that of the temperate groups feeding ad libitum. 
Rats exhibited no better growth when receiving 300 micrograms thiamine per 
day than when receiving 30 micrograms in either temperate or tropical environ- 
ment, since statistically no significant difference existed between temperate and 
tropical groups at these levels of thiamine intake. 

^ •— Tropicol, feeding od libitum. 



DAYS 

Fig. 2. Experiment II. Curves represent percentage of body weight taking the initial 
weight as 100. Daily thiamine intake as indicated. Break in uppermost curve due to the 
death of one rat. 

Strikmg differences existed between temperate and tropical rats on the thi- 
amine deficient diet in regard to weight loss, incidence of poljmeuritis, and the 
length of time before its manifestation as shown in figure 3. 

In the temperate group feeding ad libitum, 5 rats became polyneuritic; in 
the temperate group on restricted ration, 2 rats; and, in the tropical group, 1 
rat. All others died without developing polyneuritic symptoms. 
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To compaxe weight loss, a time was chosen when at least 4 rats remained in 
each deficifflit group to constitute a representative average. This was 34 days 
after initiating the thiamine deficient diet. The temperate group feeding ad 
libitum had declined 44 per cent; the temperate restricted group, 23 per cent; 
the tropical group feediag ad libitum, 16 per cent. 

Discussion. When introduced into a tropical environment (90°F. and 70 
per cent humidity) the weight of rats dropped abruptly, but after 10 to 14 days 
the initial weight was regained and in the case of growing rats a more stable, 
gradual response was attained. 

The food consumption of rats in tropical conditions (QOT., 70 per cent hu- 
midity) decreased 30 per cent to 50 per cent compared to that of rats in temperate 
conditions (72°F., 50 per cent humidity) and receiving the same amounts of thi- 
amine. This anorexia was not due to a thiamine deficiency because it was 


TABLE 4 

Experiment III. Organization of groups and initial mights 


GHOXJP 

EMVIKONMENX 

FEEDING 

NU&CBER 
OF RATS 

AV. WT. AT START 

MICSOGRAMS 
THIAMINE 
PER DAY 

XX A 

Tropical 

Ad libitum 

7 

241 ±6.76 

300 

XXI A 

Tropical 

Ad libitum 

7 

241 ±8.86 

30 

XXII A 

Tropical 

Ad libitum 

7 

243 ±7.59 

0 

XX B 

Temperate 

Ad libitum 

7 ’ 

241 ±9.04 

300 

XXI B 

Temperate 

Ad libitum 

7 

242 ±6.79 

30 

XXII B 

Temperate 

Ad libitum 

7 

241 ±3.47 

0 

XX c 

Temperate 

Restricted to XX A 

7 

243 ±6.54 

300 

XXI 0 

Temperate 

Restricted to XXI A , 

7 

241 ±7.88 

30 

XXII c 

Temperate 

Restricted to XXII A 

7 

242 ±6,65 

0 


manifested at daily intakes as high as 30 and 300 micrograms of thiamine, and 
was evidenced immediately upon exposure to tropical conditions. 

With this decrease in food consumption, the weight of tropical rats was 16 
per cent to 25 per cent superior to that of temperate rats restricted to identical 
dietary consumption, and was 15 per cent to 25 per cent below the response of 
temperate rats feeding ad libitum in all but one experiment, where tropical 
weight response showed no significant difference from the temperate. When the 
vitamin supplement was fed in caster cups, the reduction in tropical caloric 
intake proportionately increased the thiamine-calorie ratio. This increased 
ratio did not enhance their weight, since they reached a ceiling in growth response 
at the same, or a lower level of thiamine intake than temperate groups. 

When tropical and temperate rats receiving adequate thiamine per day (30 
or 300 micrograms) were reduced to 2 micrograms daily, or to an even more 
deficient diet, the weight loss gradient was far more gradual in the tropics than 
in temperate conditions. This fact is substantial evidence that tropical thi- 
amine requirements for growth are not greater than temperate. Due to re- 
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duced food consumption these tropical rats were receiving more thiamine per 
calorie than their temperate controls. If thiamine metabolism were altei’ed in 
such a way as to increase the requirement for growth in the tropics, such a defi- 
cit should have been demonstrated by weight loss equal to or greater than the 
temperate loss. 

Mills (4) has reported that thiamine requirements for weanlings are doubled 
in tropical conditions, but his experimental data on low' thiamine intake seem 


occurrence of poiyneuntis on deficient diet. 




DAYS 

Fig. 3. Experiment III. Curves represent percentage of body weight taking the initial 
weight as 100. Daily thiamine intake as indicated. No significant difference exists sta- 
tistically among any of the four curves above the 100 base line. Blocks show occurrence of 
polyneuritis indicated by letter P; drops without a letter indicate death 'without poly- 
neuritic symptoms. 


to confirm our interpretation. He shows that when using a diet containing 
0.2 mgm. thiamine per kgm. food mixture, his cold room (65°F.) rats lost 43 
grams in weight, wMe the hot room (90°-9rF,, 60 per cent R.H.) rats lost only 
18 grams during the last 4 weeks of test. The thiamine-calorie ratio W’^as the 
same for both groups. Nevertheless the hot room rats did not show a more 
rapid decline in weight than those in the cold room. 

Assays of liver for certain of the B-vitamins showed that when the thiamine 
calorie ratio was the same, the liver thiamine concentrations w'ei'o also compar- 
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able in both tropical and temperate conditions in rats feeding ad libitum. There 
was no significant difference among tropical and temperate groups in concentra- 
tion of riboflavin, pantothenic acid, or nicotinic acid. 

The incidence of polyneuritis was greater and appeared earlier in temperate 
than in tropical conditions when rats were fed a thiamine deficient diet. 

In physiological studies on the effect of tropical conditions on the organism, 
it is necessary to distinguish between accomplished acclimatization and the early 
transitional period, if animals are abruptly introduced into tropical conditions. 

Since changes in environmental conditions produce quantitative differences 
in certain physiological responses, it seems obvious that specifications of tem- 
perature and humidity are as important data in reports of nutritional and 
pharmacological studies as are the quantities of the nutrients and drugs ad- 
ministered. Under varied climatic conditions diet and therapeutic measures 
may have to be modified to obtain the most effective results. 

SUMMARY 

Thiamine requirements for the growth of rats in a tropical environment (90°F 
and 70 per cent relative humidity) are" not greater and may be less than in tem- 
perate conditions (72°F. and 50 per cent relative humidity). 
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Ovarian secretion or the injection of estrogenic hormones induces some hyper- 
trophy of the adrenal cortex, while the testicular secretion or the injection of 
androgenic hormones on the contrary produces a slight atrophy of the adrenal 
cortex. 

The weight of the adrenal glands is definitely correlated with sex. In rats 
the adrenals are larger in females, absolutely, and in relation to body weight at 
all ages (4). Castration causes atrophy of the adrenal cortex in the female and 
hypertrophy in the male rat (8, 9). The stimulating action of the ovaries and 
of the estrogenic hormones is not observed in hypophysectomized rats, intact 
or castrate. 

In this paper the relations between the adrenals and the gonads are studied 
by means of parabiosis, which has the advantage of being a physiological and 
not a pharmacological method. 

Mateeial and METHons. Adult white rats (from a strain with twenty years 
of inbreeding) weighing between 160 and 170 grams were used. The parabiotic 
union between both animals was always ample : a longitudinal incision that went 
from the root of the forelimb to the hindlimb; both rats were joined not only 
by the skin but also by caelioanastomosis. Castration was performed by dorsal 
route. The sexual hormones dissolved in oil were injected subcutaneously. 

REStriiTS. AdvU female rats united with castrate parcMonis (female). The 
stimulating action of the ovaiy and of estrogens on the adrenal cortex is observed 
by experiments in adult female rats united with castrate parabionts (8). The 
results are summarized in table 1. 

Female rats, castrated 15 days before, were united with normal animals and both 
were killed on the 15th day of their parabiotic life. The adrenals of the intact 
animals showed hypertrophy (71.3 mgm.), while the average adren al weight of 
intact females was 54.6 mgm. after 15 days of parabiotic life with an intact 
partner. Parabiosis between two castrate rats gave an average adrenal weight 
of 47.5 mgm. (table 1). 

The adrenal increase in weight may be attributed to the stimulation and 
resulting hypertrophy of the ovaries in the intact rat brought about by the 
excess of circulating gonadotrophins secreted by the h3rpophysis of the spayed 
parabiont. The ovarian stimulation is shown by the marked increase in weight 
of the intact rat’s ovaries (102.8 mgm. average weight). These glands had 

‘ The experiments were made under the direction of Prof. B. A. Houssay. 
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many large follicles and sometimes corpora lutea. Permanent estrus was 
found in these rats (in some cases in both animals) and also an increase in weight 
of the uterus (4, 5 to 10, 12). 

Histological examination of the adrenal cortex showed hyperplasia and hyper- 
trophy of the cells of the reticular zone and internal part of the fascicular zone, 
Adult female rats united with castrate parabiont treated with estrogens* In 
another series intact rats were united wilh rats castrated 15 days previously; 
the castrates were injected from the first day of parabiosis, in one group with 
2 I.U. and in another group with 5 LU., of estradiol benzoate daily during 15 

TABLE 1 


Parabiosis of female rats; 15 days of parabiotic life 
(Standard deviation between parentheses) 


LOT NO. 

NO. or PAIRS 

AVERAGE 
BODY WEIGHT 

ADRENALS (a) 

OVARIES (a) 

ADRENALS (b) 

OVARIES (b) 

Intact rat (A) with rat castrated 15 days before (B) 

1 

1 

1 

10 

grams 

162.5 

mgm. 

71.3 

(±2.37) 

mgm. 

102.8 

mgm. 

52 

(d=1.66) 

mgm. -t 

Intact rat (A) with rat castrated 15 days before and receiving 2 I.U. of estradiol benzoate 

daily (B) 

2 

8 


m 

63.3 

59.3 

(±2.15) 



Intact rat (A) with rat castrated 15 days before and receiving 5 LU. of estradiol benzoate 

daily (B) 


3 

3 

168.3 

55.3 

44 

59 




(±2.24) 


(±1.25) 


Intact rat (A) with intact rat (B) 


4 

8 

166.8 

54.3 



62.5 




(±0.92) 





Rat castrated 15 days before (A) with rat castrated 15 days before (B) 


5 

8 

159.3 

48.2 


47.2 




(±1.05) 


(±0.80) 


days, with the object of suppressing hypersecretion of gonadotrophins in the 
spayed rat, thus preventing hypertrophy and hyperfunction of the ovaries in 
the intact rat, and still permitting the study of the modifications of the adrenals. 

The results obtained showed that both these doses of estrogens efidciently 
prevented hypersecretion of gonadotrophins, and so prevented hypertrophy of 
adrenals in the intact rat. The respective weights of both organs can be seen 
in table 1. Histologically the adrenals gave a completely normal picture. 

The same effect was also obtained by successful grafts of ovaries in the ear or 
kidney of the castrate rat (8). 


















654 


ROBERTO MARtIn PINTO 


Adult male rats united with castrate parabionts (male or female). While the 
ovarian hormones stimulate the development of the adrenal cortex in female 
rats, the testicular hormones on the contrary have a depressing action on the 


TABLE 2 


Parabiosis of male rats; 15 days of parabiotic life 
(Standard deviation between parentheses) 


LOT NO. 

NO. or PAIRS 

AVERAGE 
BODY WEIGHT 

adrenals (a) 

SEMINAL VESI- 
CLES (a) 

adrenals (b) 

SEMINAL VESI- 
CLES (b) 

Intact rat (A) with rat castrated 30 days before (male) (B) 

1 

i 

5 

grams 

175 

tngm. 

31 1 

(±1.20) 

mgm. 

1.120 

mgm. 

45.2 

(=b2.12) 

mgm. 

30 

Intact rat (A) with rat castrated 30 days b efore (female) (B) 

2 

4 ! 

172.5 1 

31 

(±1.33) 

1.100 

46.8 

(±0.80) 



Intact rat (A) with intact rat (B) 


4 

166.2 

40.2 

317.5 

39.5 

321 



(±1.14) 


(±1.70) 



Castrated rat (A) with castrated rat (B) 


4 

175 

49.5 

64.2 

51 

54.5 



(±0.94) 1 


(±2.07) 



Intact rat (A) with rat recently castrated and receiving 2.5 mgm. of testosterone 

propionate daily (B) 


5 

3 

173.3 

36 1 

600 

■m 




(±0.77) 




Intact rat (A) with rat castrated 30 days before and receiving 2.5 mgm. testosterone 

propionate daily (B) 


6 

4 

177.5 

37 

550 

1 49.2 




(±1.70) 


1 (±0.92) 


Intact rat (A) with rat castrated 30 days before, receiving 5 mgm. testosterone 

propionate daily (B) 


7 

4 

171.2 

34.5 

937.5 

33.2 




(±0.19) 


(±0.34) 


adrenal cortex of adult male rats (1, 2, 3, 11). This action of the testes was 
demonstrated by experiments in adult male rats united in parabiosis (table 2). 

Adult male rats castrated 15 days before were united with intact male rats and 
both were killed on the 16th day of their parabiotic life. An evident decrease 
in the adrenal weight of the intact partner was observed: their adrenals weighed 
31 mgm. as compared with 39.8 mgm. in control intact male rats living in para- 
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hiosiji?. This effect is due to hypersecretion of testicular hormones in the intact 
Ruinial brought about by hypersecretion of gonadotrophins in the castrated 
partner. Hypersecretion of male hormones by the testicles of the intact para- 
biotic rat was ma<le evident by the observed marked hypertrophy of the seminal 
^"esicles (table 2). Histologically, the atrophied adrenals of the intact rat 
showed a decrease in siase of the cells of the reticular and internal part of the 
fascicular zones. 

The adrenal w'eight of male castrate rats united with castrate parabionts was 
greater (average 50 mgm.) than that of parabiotic intact male rats (average 
39.8). This increase is due to the effects of castration. Adrenal hypertrophy 
of the same degree is seen in individual castrates (5, 9). 

In another series the effect of castration on the hypophysis was corrected by 
the injection of varying doses of testosterone propionate, thus preventing testicu- 
lar hyperfunction in the intact companion. The daily injection of B.5 mgm, of 
testosterone propionate to recently castrated rats united with intact parabionts pre- 
vented adrenal hypertrophy in the castrate partner (35.3 mgm. compared to 
50 mgm. in the controls), and prevented atrophy of the adrenals of the intact 
animal (36 mgm. compared to 31 mgm. in the controls) (table 2). 

When a rat castrated 30 days before was united by parabiosis with an intact 
rat, it became necessary to inject 5 mgm. of testosterone propionate into the 
castrate animal, in order to prevent the adrenal hypertrophy following castra- 
tion; this dose not only prevented adrenal hypertrophy in the castrate animal, 
but even caused a slight adrenal atrophy in the intact partner (average weight 
33.2 mgm.) demonstrating that some of the testosterone injected in the castrate 
passed into its intact partner; this fact was confirmed by the hypertrophy of 
seminal vesicles observed in the intact rat (table 2) . The adrenals of the castrate 
rats also showed the effect of testosterone since their weight fell below that of 
controls (table 2). 

Disoxtssion. Many authors have used parabiosis of castrate vrith intact rats 
(.)f both sexes in order to demonstrate the increase of gonad-stimulating sub- 
stances secreted by the hypophysis of castrate animals. It was found in this 
w'ay that the sex glands of the intact animal were strongly stimulated, as shown 
in the female by the marked hypertrophy of the ovaries and uterus and by the 
presence of prolonged estrous cycles, and in the male by the considerable hyper- 
trophy of seminal vesicles. 

Parabiosis of a castrate rat with an intact female causes an extraordinary 
hypertrophy of the ovaries with a first phase of follicular hypertrophy and a 
second phase of evident luteinization When these animals were killed between 
the 10th and the 16th day of their parabiotic life, hypertrophy of ovaries in the 
first phase was evident — ^i.e., there xvas follicular ripening, although a moderate 
quantity of corpora lutea were already present. In this case the adrenals showed 
an evident hypertrophy due especially to hyperplasia and hypertrophy of the 
cells of the reticular zone with vasodilatation. This adrenal hypertrophy can 
))e explained by tlu‘ excess of estrogens circulating in the intact animal, whose 
hypertrophied ovaries are responding to the excess of gonadotrophins, produced 
by the hypophysis of the castrate animal. 
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In some cases the excess of estrogens in the blood of the intact animal invaded 
the circulation of the castrate, a fact already demonstrated by the presence of 
an estrous phase in the vaginal cycle of the latter. When this happened, the 
ovaries and adrenals of the intact parabiont showed a smaller increase in weight, 
and at times the adrenals of the castrate partner also increased in weight and 
there was no atrophy of the reticular zone. 

The adrenal hypertrophy in the intact rat united with a castrate parabiont 
is probably due to the following mechanism: the excess of gonadotrophins 
produced by the castrate mt’s hypophysis brings about the h 3 T)erfunction of the 
intact rat’s ovaries which secrete an excess of estrogenic hormone; these hor- 
mones produce the stimulation of the adrenotrophin secretion of the hypophysis 
•in the intact rat, which in its turn provokes the adrenal cortex hypertrophy in 
the same animal. The exaggerated secretion of hypophyseal gonadotrophins 
induced by castration can be prevented by the injection of estradiol benzoate 
(from 2 to 5 I.XJ.) or a successful ovarian grafting (8) in the spayed rat. 

Moreover, in another paper (8) it was demonstrated that when a female intact 
rat was united in parabiosis with a castrated hypophysectomized rat, there 
Were no changes in the adrenal cortex of the intact partner; this fact shows the 
necessary presence of the hypophysis adrenotrophic secretion for the production 
of adrenal cortical hjrpertrophy in the female intact rat united in parabiosis 
with a castrate male or female rat. 

In fte second series (parabiosis of a male or female castrate with an intact 
male) testicular hyperfunction was evident from the marked hsTpertrophy of 
the intact animal’s seminal vesicles observed at the end of 15 days. The same 
animal had a decrease in weight and size of the adrenals, due to atrophy of the 
cells of the reticular zone and of the internal part of the fascicular zone. This 
change may be explained as due to the increase of circulating male hormone in 
the intact animal as a result of the increased secretion of its testicles under the 
influence of the gonadotrophins secreted by the castrate’s hypophysis. More- 
over, this excess of circulating male hormone in the intact partner probably 
decreased the hypophysis adrenotropic secretion in the same animal. 

In order to prevent the increase in gonadotrophin production 2.6 mgm. of 
testosterone propionate were administered to the castrate, with the result that 
the seminal vesicle and adrenals of the intact parabiont remained normal, while 
the adrenals of the castrate partner showed normal weight and histology. 

To produce the same effect a larger dose 'of male hormone is necessary if the 
castration is performed 30 days before parabiosis. In some cases, when high 
doses of testosterone propionate (5 mgm.) had been used, not only restitution 
to normal of the castrate’s adrenals, but also a partial atrophy of the intact 
rat’s adrenals, can be demonstrated. This is probably due to the fact that some 
of the hormone injected in the castrate passed into the intact partner, as demon- 
strated by an increase in weight of seminal vesicles in the latter. 

SUMMARX ANn CONCLUSIONS 

The relations between the adrenals and the gonads were studied in rats by 
means of parabiosis. Adult rats, male or female, were united with castrate 
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parabionts and a study was made of the effect of gonad stimulation on the adrenal 
cortex. 

1. Ovarian stimulation obtained by parabiosis causes hypertrophy of the 
adrenal cortex. On the other hand, stimulation of the testes by the same 
method causes atrophy of the adrenal cortex. The mechanism of these adrenal 
changes is discussed. 

2. The experimental results obtained indicate that the ovarian secretion has 
a stimulating effect on the development and maintenance of the adrenal cortex, 
especially on the inner zones (reticular and fascicular). The testicular secretion 
has an inhibiting action on the same zones (reticular and fascicular). 

3. This means that the adrenal cortical function is in great part regulated by 
gonadal influences and is therefore of a sexual character. 
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It has recently been demonstrated (1) that anterior or posterior pituitary 
extracts markedly prolong the period of gasping of the ischemic decapitated rat 
head. The factors responsible for this result are most likely the diabetogenic 
hormone of the anterior lobe and one or both of the known posterior lobe hor- 
mones. It is not improbable that commercial anterior lobe preparations may 
contain some impurities (of the posterior lobe). Any reaction causing hyper- 
glycemia should prolong the life of the respiratory center(s) insofar as the carbo- 
hydrate becomes available (1, 2). It vras reported (3) as early as 1908 that ex- 
tracts of the posterior pituitary injected into rabbits produce glycosuria and 
hyperglycemia. 

The literature shows diversity of opinion of the hyperglycemic action of 
vasopressin and/or oxytocin. Some have reported the pressor principle, others 
the oxytocic one solely as the hyperglycemic agent. It is possible that impurities 
(of oxytocin, vasopressin, or anterior lobe) may have influenced their results. 
It appears more likely to us that the pressor principle is the more powerful (if 
not the only one) in producing hyperglycemia. (For an extensive I’eview' see 
Van Dyke, 4.) 

White rats of the Wistar strain between 40 and 50 grams (of approximately 
the same age) were injected intraperitoneally with 5 units of vasopressin® or 
2.5 units of oxytocin® and decapitated 10 minutes later by a single stroke of a 
razor blade. The subsequent gasps were recorded manually on an electrically 
driven kymograph which also served as a chronometer. As soon as the head 
was severed from the body, blood w-^as drained from the latter for blood sugar 
determination by the Folin and Wu micro-method. It was observed that much 
less blood escaped from the animals receiving vasopressin than from those receiv- 
ing oxytocin or from the controls. Two possibilities seemed apparent: a, 
hemoconcentration and/or 6, vasoconstriction. In order to ascertain whether 
or not hemoconcentration occurred, erythrocyte counts were made from both 
groups of rats before and after injection, the results showing no significant varia- 
tion in red cell number indicating that the pressor action caused enough hemo- 

* Aided by a grant from the Purdue University Alumni Research Foundation. 

2 Now at the School of Pharmacy, Univ. of Kansas, Lawrence, Kans. 

® Pitressin and pitocin supplied by Oliver Kamm, Scientific Director, Parke, Davis & 
Co., Detroit, Mich. 
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stasis to reduce the rate of hemorrhage. Blood sugar determinations showed 
no significant change following oxytocin but a significant rise after vasopressin 
(see table 1). It is thus apparent that of the two known hormones of 
the posterior pituitary the pressor principle alone in our experiments was respon- 
sible for both prolonging the survival time and increasing the blood sugar level. 
It has recently been reported (5) that the aromatic sympathomimetic amines 
causing hyperglycemia also prolong the survival of the respiratory center. 
That a rough but significant correlation between glycemic level and anoxic 
survival exists has been found (6) , Other factors may also be important in anoxic 
survival, such as changes in the sensitivity of the respiratory center and auto- 
nomic excitation. However, the decapitated head is immediately devoid of any 
circulatory changes. Our results show no significant glycemic changes following 
oxytocin thus disagreeing with reports mentioned previously. Possibly the 
differences reported have been due in large part to impurities present or to the 
manner in which the substances were administered to the animal. In aU eases 

TABLE 1 


Effects of mao'pre^un and oxytocin on total survival time, blood sugar, with percentage change 
from normal in isolated rat heads. The data show a significant change in hyper- 
glycemia following vasopressin but an insignificant change following oxytocin 



NO. 

RATS 

USED 

TOTAL SURVIVAL 
TIME 

CHANGE 

EROM 

NORMAL 

NO. 

RATS 

USED 

BLOOD SUGAR 

% 

CHANGE 

FROM 

NORMAL 

ti-i 


Mean 

S.D. 

Mean 

S.D. 



sec. 

sec. 



mg. % 

mg. % 




Controls 

23 

38.2 

4.18 


21 

107.4 

7.85i 




Vasopressin 

32 

63.8 

11.9 

+67.0 

20 

141.1 

10.5 

+31.4 

8.726 

<0.01 

Oxytocin 

28 

39.9 

7.4 

+4.6 

18 

108.1 

2.0 

+0.65 

0.2609 

0.79 


of the pi'esent study the hormones were injected intraperitoneally which may have 
resulted in inactivation of the oxytocin. It has been stated (7) that the blood 
sugar peak in cats is reached only 3 to 10 minutes after injection so the time 
interval we have allowed should be ample for a smaller animal such as the rat. 

SUMMARY 

Vasopressin (“pitressin’’) increases the total survival time of the primitive 
respiratory center in the isolated mt head. This is concurrent with a mild 
hyperglycemia. No hemoconcentration occurs although bleeding is greatly 
reduced. 

Oxytocin (^'pitocin'’), even in large doses, doe^s not prolong total survival time 
of the primitive respiratory center in the isolated rat head. No significant 
glycemic change occurs. 

Therefore it is concluded that prolongation of survival of the isolated respira- 
tory center following injections of aqueous extract of the posterior pituitary is 
due to the presence of the pressor principle, vasopressin, alone. 



660 


WILLIAM A. HIESTAND AND DONALD 0. BRODIB 


REFERENCES 

(1) Hiestand, W. a., R. D. Tschirgi and H. R. Miller. This Journal 142: 153, 1944. 

(2) Selle,W.A. This Journal 141: 297, 1944. 

(3) Borchardt, L. Deutsch. med. Wchnschr. 34: 946, 1908. 

(4) Van Dyke, H. B. The physiology and pharmacology of the pituitary body. Univ# 

Chicago Press 1936; vol. 2, 1939. 

(5) Tschirgi, R. D. and W. A. Hiestand. Anat. Rec. 89: 15, 1944. 

(6) Hiestand, W. A. and J. W. Nelson. Proc. Soe. Exper. Biol, and Med. 59: 258, 1945. 

(7) Bacq, 55. M. AND S. Dwobkin. This Journal 96: 605, 1930. 



METABOLIC CHAI^GES IN SHOCK AFTER BURNSi'^ 

HENRY N. HARKINS and C. N. H. LONG 

From the Department of Surgery, Johns Hopkins University, Baltimore, and the Department 
of Physiological Chemistry, Yale University School of Medicine, New Haven 

Received for publication June 11, 1945 

The preceding papers in this series (1-4) have reported on various aspects of 
the chemical changes resulting from hemorrhagic shock in rats. The present 
paper extends certain of these studies to the subject of bum shock in rats. 

Methods and matbeials. Male albino rats of the Sprague-Dawley strain, 
weighing in most groups from 200 to 250 grams, were used in these experiments. 
The animals were fed a diet of Purina dog chow and in all cases were fasted 18 
to 24 hours before being studied. During the period , of fasting, and always 
subsequent to the thermal trauma, the rats were kept in individual cages with 
adequate diinkii^ water in a room at a constant temperature of 83°F. Hypo- 
physectomy was performed on rats weighing from 140 to 180 grams and was 
done under ether anesthesia 3 days before testing. The early bum experiments 
were done under sodium pentobarbital (nembutal) anestheaa administered 
intraperitoneally in a dose of 4 n^m. per 100 grams body weight. All subse- 
quent bums were done u^g ether anesthesia. In all cases the corresponding 
controls were similarly fasted and anesthetized. 

Initial blood samples were obtained from the cut tail and were taken into 
clean centrifuge or hematocrit tubes containing a small amount of heparin.® 
The final specimens were obtained just before death by cardiac puncture with 
the thorax open. Pentothal sodium was used preliminary to obtaining the final 
samples, and control analysis showed no diflference in the results if these sped- 
mens were obtained from the cut tail or heart. For the blood ammonia analyses, 
the terminal blood samples were drawn from the vena cava (exposed under 
sodium pentobarbital anesthesia) into syringes coated with ammonia-free potas- 
sium oxalate, measured in the ssninges, and delivered immediately into previ- 
ously prepared Conway microdiffuaon units. All other samples were centri- 
fuged immediately, and the plasma was used for anal3r8is. Separate hematocrit 
readings were made with Wintrobe tubes. The adrenals were removed imme- 
diately after cardiac puncture, stripped of fat and fascia, weired on a torsion 

^ The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the OflSce of Scientific ^search and Develop- 
ment and Yale University. 

* The experimental work reported in this paper was performed in the laboratory of the 
Department of Physiological Chemistry, Yale University School of Medicine, while one of 
the authors (H. N. H.) was on leave of absence from the Department of Surgery, Johns 
Hopkins University. 

• We are indebted to Dr. B. J. Brent, of the Roche-Organon Company, Inc., of Nutley, 
New Jersey, for a generous supply of heparin. 
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balance, placed in 10 ml. volumetric flasks, and immediately triturated with 
4 ml. of alcohol-acetone mixture, 1:1. 

Plasma and liver amino nitrogen determinations were made by the colorimetric 
method of Frame, Russell, and Wilhelmi (5); cholesterol by the method of Sperry 
(6); and ammonia and amide nitrogen by methods described in another paper of 
this series (7), in which the Conway microdiffusion technique was used in con- 
junction with a colorimetric procedure (8). The rates of respiration of slices 
of liver were measured in the Warburg apparatus according to methods de- 
scribed in a previous paper of this series (4). 

Thermal trauma was induced in all cases by scalding. The anesthetized 
animal was grasped with two long forceps, one at the base of the tail and one at 
the scruff of the neck, and was quickly immersed up to the neck, so that only 
the head was kept out of the water. The water was kept at a standard tem- 
perature, and the immersion was for a standard period of time. The rats were 
not shaved, but the water contained several drops of a wetting agent (Duponol), 
so that the fluid penetrated between the hairs to a high degree. The bums were 
of three grades: mild (70°C. for 5 sec.), moderate (72*^0. for 7 sec.), and severe 
(80®C. for 7 sec.). Control animals were immersed for similar periods of time 
in \vater at room temperature also containing the wetting agent. Eighty burned 
rats and 23 control animals were used in this study. 

RbvSTJLTs. Plasma amino nitrogen. In a series of 57 rats, including 23 con- 
trols and 34 scalded animals, all those subjected to thermal trauma showed an 
increase in plasma amino nitrogen. This rise held true within the limit of 24 
hours after the scalds, during which the animals were observed as shown in 
table 1. It is seen that in some instances, e.g., the 80° 7-second burns, the con- 
trol amino nitrogen values 'WT.re more than doubled, the increase being as much 
as 150 per cent. Most of these rats had only 1 blood sample taken, that being 
at the indicated time of observation, just before being killed. 

In a similar group of animals 2 blood samples w^'ere taken, a control sample at 
the beginning of the experiment from the cut tail, and a terminal sample before 
death from the heart. In 2 control rats terminal specimens showed an average 
dec^rease of 2.4 ingm. ±0.1, as compared to the initial speciimen. In 10 rats 
scalded at 80° for 7 seconds, the teiminal specimen showed an average increase 
of 6.9 mgm. ± 0.6, or expressed in terms of the control rats, an increase of 9.1 
mgm. These results are another way of expressing the extent and constancy of 
the increase as already shown in the previous paragraph. 

Table 1 also shows that hypophysectomy did not prevent the rise in amino 
nitrogen, if the degree of the scald were taken into consideration. 

Figure 1 shows the increase in plasma amino nitrogen in a series of 9 rats killed 
at varying intervals after scalds of constant intensity (80° 7 sec.). 

Adrenal cholesterol. In a series of 13 control rats, killed at varying intervals 
after anesthesia, the total adrenal cholesterol in milligrams per cent of adrenal 
weight varied from 2.7 to 5.8, averaging 3.9. A series of 8 rats burned at 80° 
for 7 seconds under pentothal anesthesia, killed at the end of 6 hours, averaged 
1,9 mgm. per cent. One rat similarly burned and killed at the end of 24 hours 
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had a total cholesterol value of 0.8 mgm. per cent. Seven rats burned at 72 ^ 
for 7 seconds, also under pentothal anesthesia, and killed at the end of 24 hours, 
had adrenal total cholesterol values averaging 0.8 mgm. per cent. Two rats 

TABLE 1 


Plasma amino nitrogen changes in experimental scalds in the rat 


EXPERIMENT 

NtJMBER OR 
ANIMALS 

TYPE or SCALD 

HOURS AETER 
SCALDINO 

PLASMA AMINO 
NITROGEN 

Control 

10 


6 

mgm, per cent 

6.4 ±0.3 

Control 

2 



6.2 ±0.2 

Control 

4 


24 

6.2 ±0.3 

Burn 

8 

70° 5" 

6 

8.3 ±0.4 

Burn 

2 

70° 

24 

7.8 ±0.7 

Burn 

6 

72° 7" 

24 

8.5 ±0.4 

Burn 

12 

80° 7^ 

6 

15.0 ±0.4 

Burn 

1 

80° 7'' 

24 

14.9 ±0.0 

Hypophysectomy, control 

7 


6 

7.3 ±0.2 

Hypophysectonxy, burn 

4 

70° 

6 

10.3 ±0.2 

Mock hypophysectomy, burn 

1 

70° 5^ 

1 

9.0 ±0.0 



Fig. 1. The rise in plasma amino nitrogen following scalds at 80®F. for 7 seconds. 

burned at 70® for 5 seconds under ether anesthesia, and kiUed at the end of 24 
hours, had adrenal total cholesterol values averaging 1.4 mgm. per cent. One 
rat similarly burned and killed at the end of 48 hours had a value of 0.5 mgm. 
per cent. Five rats similarly burned and killed at the end of 72 hours had adrenal 
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cholesterol values averaging 2.3 ingm. p)er cent. These results demonstrate 
a, there is a marked fall in adrenal cholesterol following thermal trauma; h, 
the extent of the bum within the limits studied has much less effect on the de- 
gree of this fall than it does on the rise in plasma amino nitrogen as discussed in 
the previous section, and c, the lowest values seem to be attained in those 
rats killed at the end of 24 or 48 hours and are not so marked in those tested 
at the end of 72 hours. This latter point may be influenced by the survival of 
only the less severely burned rats for the longer interval. 

Additional rats were burned under more constant conditions, all with ether 
anesthesia and all killed at the end of 6 hours. These, plus 6 of the above 
cited controls also done under ether, are analyzed in table 2. It is seen that 
the rise in hematocrit and in amino nitrogen in the 3 groups of burned rats is 
roughly similar, indicating an equal bum trauma insofar as these readings are 

TABLE 2 


Adrenal total cholesterol changes in experimental scalds in the rat 


EXPERIMENT 

XNTRAPERITONEAE THERAPY 

NO, OP 
RATS 

ADRENAE TOTAL 
CHOLESTEROL MGM./lOO 
MGM. ADRENAL WT. 

AMINO 

NITROGEN 

RISE IN 
HEMATO- 
CRIT 

Control 

None 

6 

3.6 ±0.3 

mgm> % 

6.1 

% 

0* 

Burn 70° 5" 

None 

8 

1.0 ±0.1 

8.3 

9 

Burn 70° 6" 

7.6 cc.t adrenal corti- 

8 

1.7 ±0.2 

8.8 

11 

Bum 70° 5" 

cal extract 

7.6 cc. alcohol saline 

8 

1.5 ±0.1 

7.5 

8 


* Actually the control hematocrits fell an average of 4 per cent. For clarity of tabula- 
tion, this fall is used as a baseline of reference for the other figures given below in the same 
column. 

t Divided into five approximately eciual doses given at hourly intervals beginning with 
the first dose immediately after the burn. 

concerned. The fall in adrenal cholesterol, however, was greater in the un- 
treated bums than in those given alcohol-saline or adrenal cortical extract intra- 
peritoneally. From the statistical standpoint the probability that this difference 
could be due to samplii^ of the results as shown in the table was in each instance 
0.01 or less. These results are si^gestive but not conclusive and tend to indi- 
cate the value of the therapeutic measures used. 

One control rat had a very low adrenal cholesterol (0.5 mgm. per cent). It 
was noted that this animal’s adrenals weighed 60 mgm. whereas in no other 
control experiment did the adrenal weight exceed 40 rt^m. It was decided, 
therefore, that this rat was abnormal, and so its figures are not included in the 
averages. Two burned rats, nos. 6 and 76, also had adrenals weighing over 
40 mgm., namely, 48 and 47 mgm. respectively, with accompanying cholesterol 
values of 0.8 and 0.3, the latter figure representing the lowest value found in 
any burned rat. These animals were also considered abnormal and are not 
included in the averages. 
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The adrenal cholesterol was tested in 2 rats which were found dead, one 6 
hours and the other 72 hours after burning. The concentrations were 0.5 and 
0.8 mgm. per cent of adrenal weight, respectively. These represent low values, 
but are not lower than those found in certain other burned rats whose adrenals 
were taken at the time of death. The lowest group of values was in a group of 
7 rats burned at 72° for 7 seconds under pentothal anesthesia and killed at the 
end of 24 hours. Headings of the adrenal cholesterol (mgm. per cent of adrenal 
weight) varied from 0.6 to 1.0, averaging 0.8. An additional rat MUed at the 
end of 48 hours showed an adrenal cholesterol value of 0.5. 

In contrast to the marked decrease in adrenal cholesterol of normal rats when 
scalded is the behavior of this adrenal constituent in hypophyseetomized rats 
submitted to the same degree of trauma. Thus, in a series of 8 rats submitted 
to hypophysectomy by the parapharyngeal approach 3 days before, scalds for 
5 seconds at 70°F. did not evoke the usual changes in the adrenal total choles- 

TABLE 3 


The effect of hypophysectomy in preventing the usual changes in the adrenal total cholesterol 
following experimental scalds in the rat* 


1 

i 

PREPARATION 

EXPERIMENT 

! 

NO. OP 
ANIMALS 

1 

RISE IN 
HEMATO- 
CRIT 

AV. BODY 
WT. 

ADRENAL 
WT. AS 
MGM. % 
BODY WT, 

ADRENAL TOTAL 
CHOLESTEROL 
MGM./100 MGM. 
ADRENAL WT. 

Control rats 

Control 

5 

% 

Of 

grams 

196 

17 

3.7 ±0.6 

Control rats 

BurnTO^’S" ! 

8 

11 

231 

15 

1.0 ±0.1 

Mock hypophysectomy. . . 

Burn 70° 5'' 

3 

16 

171 

22 

1.5 ±0,2 

Hypophysectomy 

Burn 70° 5^ 

8 

13 

167 

13 

5.7 ±0.6 


* All animals killed at the end of 6 hours. 

t Actually the control hematocrits fell an average of 6 per cent. For clarity of tabula- 
tion, this fall is used as a baseline of reference for the other figures given below in the same 
coliunn. 

terol. As seen in table 3, the value in 5 normal unbumed animals was 3.7 d= 
0.6 mgm. per cent. In either burned control animals or in burned animals previ- 
oudy subjected to a mock hypophysectomy, there was a marked fall to 1.0 ± 
0.1 or 1.5 ± 0.2 respectively. On the other hand, 8 hypophysectomized animals 
which were burned to a similar degree showed no fall in the adrenal total choles- 
terol, the values averaging 5.7 ± 0.6 (the lowest value in this series was 3.8). 
The slightly higher values noted in hypophysectomized rats agree with the ob- 
servations of Sayers et al. (10). 

Blood and liver ammonia nitrogen, liver amide and amino nitrogen. As seen 
in table 4, in a series of 9 scalded rats subjected to analysis at varying intervals 
after trauma, there was an increase in the whole blood ammonia nitrogen. To 
some extent this rise became more marked over the period of 12 hours of obser- 
vation. There was a slight, but probably insignificant rise in the liver ammonia 
nitrogen and no rise in the liver amide nitrogen. On the other hand, the liver 
amino nitrogen was definitely elevated in most instances. This rise seemed to 
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have no relation to the time after the burn as did the increase in blood ammonia 
nitrogen. 

Oxygen uptake of liver slices. As seen in table 5, there is no early impairment 
of the oxygen uptake of liver slices from animals sacrificed at varying intervals 
after 80° 7 second scalds. Many of the values fell in the high normal range. 
This is in agreement with similar observations of Clark and Rnssiter (9) on the 
respiration of liver slices from rats in shock after burns. 

TABLE 4 


Changes in hlood and liver ammonia nitrogen and liver amide and amino nitrogen at varying 
intervals following an 80^ 7" scald in rats 


EAT NO. 

BODY WT. 

TIME OF 
SACRIFICE 

RISE IN 
HEMATO- 
CRIT 

BLOOD 

LIVER 

Ammonia 

N 

Ammonia N 

Amide N 

Amino N 

Scalds, SO"?" 


gm. 

hours 

% 

wgm. % 

mm.% 

mm* % 

mgm. % 

1 

232 

1 

-f-2 

0.25 

3.6 

4.6 

65 

2 

230 

2 

-fio 

0.18 

3.0 

5.9 

68 

3 

226 

3 

+4 

0.22 

3.4 

4.8 

63 

4 

212 

4 

+6 

0.19 

3.6 

7.0 

73 

5 

236 

5 

-fis 

0.33 

3.1 

6.3 

65 

6 

224 

9 


0.31 

3.1 

3.3 

60 

7 

224 

10 


0.28 

2.8 

1.1 

60 

8 

214 

11 


0.37 

3.7 

3.7 

65 

9 

247 

12 


0.50 

5.0 

4.1 

82 

Average 

+8 

0.29 

3.5 

4.5 

67 

Control^ 

10 

230 

13 



2.5 

6.9 

58 

11 

222 

13 



2.4 

6.8 

54 

Usual control range 

<0.1 

2-4; av. 2.6 

5-12 

47-62; av, 54 


Discussion. The increase in plasma amino nitrogen which occurs after 
bums in rats is as marked as that which ha.s been observed after hemorrhage in 
rats (1), and greater than that noted by Hoar and Haisi (11) in experimental 
tourniquet shock in dogs and in rats. In the present expeiiments the rise in 
plasma amino nitrogen may have been the result mainly of an increased rate of 
breakdown of protein due to the direct action of the thennal trauma. Whether 
some loss of liver function also occurred is not certain. Xo diminution in the 
rate of respiration of liver slices taken from these animals was observed, whereas 
in hemoiThagic ^ock there is a marked depression in the I’ate of respiration of 
the liver slices which can be correlated roughly with low rates of deamination 
and, of urea formation. However, nonnal oxygen uptake rates are not neces- 
sarily indicative of complete noimality of liver function, foi- Clark and Rossitei- 
(9) found that liver slices from burned rabbits did not form glycogen although 
the slices respired normally. The high levels of free amino nitrogen in the 
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livers of the scalded rats, which appear too great to be accounted for solely by 
the increases in plasma amino nitrogen, may be the result of some alteration in 
liver function, as may also be the high blood ammonia levels. Hoar and Haist 
considered that the elevation of plasma amino nitrogen in tourniquet shock was 
due mainly to contribution of amino acids from the injured limbs, but they also 
obtained evidence of impaited liver function in their preparations. It may be 
noted that whatever the origin of the elevation in plasma amino nitrogen, it is 
not dependent on the presence of an intact hypophyseal-adrenocortical system. 

Muus and Hardenbergh (12) studied the effects of burns on the metabolism of 
the liver by another approach. They measured the oxygen consumption of nor- 

TABLE 5 


Oxygen uptake of liver slices as measured by Warburg apparatus at varying intervals after 

80^ 7" scalds in rats 


SAT NO. 

SACRIFICED 
HOURS AFTER 
SCALD 

NO. OF SAMPLES 

1st hour 

Q 02 * 

2iid hour 

Overall 

1 

1 


6.23 

5.57 

5.90 

2 

2 

3 

5.47 

4.53 

5.00 

3 

3 

3 

6.30 

5.27 

5.78 

4 

4 

3 

5.27 

3.67 

4.47 . 

5 

5 

3 

5.23 

3.77 

4.50 

6 

9 

3 

6.27 

5.07 

5.67 

7 

10 

2 

5.65 i 

5.15 

5.40 

8 

tl 

3 

4.90 

3.73 

4.32 

9 

12 

3 

6.00 

5.37 

5.68 

Normal control series 

25 

5.60 

4.69 

5.15 

±0.10 


* Cu. mm. per mgm. initial dry weight per hour. The initial wet weight of the samples 
was 103-106 mgm. The dry weight was 25.9-28.3 per cent of the wet weight. 


mal rat liver slices in the presence of lymph or of serum from scalded calves. 
The QO 2 in lymph obtained after burning w'as as much as 41 per cent higher than 
that in normal lymph. Serum had a less marked but definite augmenting tend- 
ency. These observations are not unexpected, since serum and lymph from 
scalded animals would undoubtedly contain increased amounts of such easily 
oxidizable metabolites as lactate and amino acids, or such stimulants to tissue 
respiration as ammonia in small amounts (as found in the blood in the present 
experiments). 

It is difficult to tlraw conclusions from the results of the few experiments with 
adrenal cortical extract and normal saline (table 2). While these results are 
significant statistically, they do not agree too well with data from other series 
of rats burned at slightly different temperatures. The results are suggestive 
that saline therapy may ])e of some benefit, especiall}'' in \iew of the recent ob- 
servations of Fox (13) and of Rosenthal (14). 

Following thermal trauma there is a marked fall in adrenal total cholesterol. 
The fact that this fall is not observed after hypophysectomy indicates that the 
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trauma acts on the adrenal by way of the hypophysis. Bum shock, therefore, 
appears to be another of the varied types of stress which have been shown (10) 
to activate the hypophyseal-adrenal mechanism. 

SUMMARY 

Scalds were produced in white male rats of standard size by immersion in hot 
water at constant temperatures for definite periods of time. The following 
effects of the burns were recorded: 

1. The plasma amino nitrogen rose in all cases, slightly after burns at 70°C., 
5 seconds, markedly after burns at 80*^0., 7 seconds. The increase was progres- 
sive within the time limits studied (12 hrs.). 

2. The free amino nitrogen level of the livers was higher in burned than in 
normal rats. The ammonia level of the blood was increased in burned rats, 
while there was very little change in the ammonia or amide content of the 
livers. 

3. , The rate of respiration of slices from the livers of scalded rats was not sig- 
nificantly different from normal. 

4. The adrenal total cholesterol fell to as low as one-jBfth of the control value 
when measured as milligram per cent of adrenal weight. The decrease was defi- 
nite after mild, as well as after severe, scalds. There was no change in adrenal 
weight. The intraperitoneal injection of adrenal cortical extract or of saline 
alcohol solution reduced somewhat the decrease in adrenal cholesterol. 

5. Hypophysectomy done 3 days before the scalding entirely prevented the 
usual fall in adrenal total cholesterol following the scalds. 
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Mrs. M. Sayers and Mrs. M. G. Engel for much assistance, to Dr. J. A. Russell 
for the determinations of ammonia in blood and of ammonia and amino nitrogen 
in liver, and to Dr. Alfred E. Wilhelmi for the measurements of tissue respira- 
tion. 


REFERENCES 

(1) Engel, F. L., M. G. Winton and C. N. H. Long. J. Exper. Med. 77; 397, 1943. 

(2) Russell, J, A., C. N. H. Long and F. L. Engel. J. Exper. Med. 79: 1, 1944, 

(3) Engel, F. L., H. C. Haebison and C. N. H. Long. J. Exper. Med. 79: 9, 1944. 

(4) Russell, J. A., C. N. H. Long and A. E. Wilhelmi. J. PJxper. Med. 79: 23, 1944. 

(5) Frame, E. G., J. A. Russell and A. E. Wilhelmi. J. Biol. Chem. 149: 255, 1943. 

(6) Sperry, W. M. Am. J. Clin. Path. 8 (Tech. Suppl. 2): 91, 1938. 

(7) Wilhelmi, A. E., J. A. Russell, M. G. Engel and C. N. H. Long, This Journal 144: 

674, 1945. 

(8) Russell, J. A. J, Biol. Chem. 166: 457, 1944. 

(9) Clark, E. J. and R. J. Rossiter. Quart. J. Exper. Physiol. 32; 261, 1944. 

(10) Sayers, G., M, A. Sayers, E. G. Fry, A. White and C. N. H. Long. Yale J. Biol. 

and Med. 16: 361, 1944, 

(11) Hoar, W, S. and R. E. Haist. J. Biol. Chem. 164: 331, 1944. 

(12) Muus, J. and E. Hardenbergh. J. Biol. Chem. 152: 1, 1944. 

(13) Fox, C. H., Jr. J. A. M. A. 124: 207, 1944. 

(14) Rosenthal, S. M. Public Health Repts. 68: 513, 1943. 



THE EFFECTS OF HEPATIC ANOXIA ON THE RESPIRATION OF 
LIVER SLICES IN VITRO^ 


ALFRED E. WILHELMI, JANE A. RUSSELL, FRANK L. ENGEL and C. N. H. LONG 

From the Department of Physiological Chemistry, Yale University School of Medicine, 

New Haven, Conn. 

Received for publication June 11, 1945 

The observation that the metabolism of liver slices from rats in hemorrhagic 
shock is depressed to a degree corresponding to the severity of shock (1, 2), 
and the suggestion that these effects .on the liver are probably due to lack of 
oxygen, made it of interest to study the effects of anoxia uncomplicated by loss 
of blood on the liver in situ. It is possible to prepare the liver in the rat so that 
the sole blood supply is provided by the hepatic artery (3). In these circum- 
stances the ability of the liver to remove amino acids from the blood is not 
greatly diminished. However, if anoxia is induced by clamping the hepatic 
artery for 60 minutes or longer, the blood amino nitrogen continues to in- 
crease for many hours after the blood supply to the organ is restored, the degree 
of liver failure increasing with increasing duration of anoxia. The liver appears 
to be able to recover completely the ability to remove amino acids from the 
blood if the period of anoxia is 45 minutes or less. 

These observations led to a study of the effects of hepatic anoxia on the rate 
of respiration of rat liver tissue, a, after varying periods of occlusion of the 
hepatic artery, and 6, after recovery from a given period of anoxia. 

Methods and materials. Male albino rats of the Sprague-Dawley strain, 
weighing from 250 to 300 grams, were prepared as described previously (3). 
The respiration of thin slices of the liver tissue was measured in the Warburg 
apparatus. The general methods employed in preparing the tissue have al- 
ready been described (1). In each experiment, samples of liver slices (100 mgm. 
wet weight) were prepared in triplicate, care being taken to make the time of 
preparation as uniform as possible. The tissues were incubated in phosphate: 
buffered physiological salt solution (pH 7.4) in an atmosphere of oj^gen for 
one hour. The rates of oxygen uptake were calculated on the basis of the 
initial dry weight of liver tissue taken. 

Three series of experiments were carried out. 1. In a control series of rats 
the liver was prepared with the hepatic artery as the sole blood supply, and the 
rate of respiration of samples of the liver tissues was determined at one, two, 
three and four hours after the operation was completed. This provided infor- 
mation on the effects of shifting from mainly a venous to an arterial blood sup- 
ply, with its richer oxygen content. 2. Jn another series of preparations a por- 
tion of liver tissue was taken immediately after occlusion of the hepatic artery, 

1 The work described in this paper was done under a contract recommended by the 
Committee on Medical Research between the Office of Scientific Research and Develop- 
. ment and Yale University. 



670 


WILHELMI, EUSSELL, ENGEL AND LONG 


in order to obtain an estimate of the initial rate of respiration of the tissue, and 
a second sample was taken at 5, 15, 30, 60 or 120 minutes after occlusion of the 
hepatic artery. This provided information upon the state of the tissue respira- 
tion after anoxia of increasing duration. 3. In the third series of preparations 
the hepatic artery was occluded for 15, 30, 60, or 120 minutes, and then released 
for two hours, at which time tissue samples were taken for the respiration stud- 
ies, in order to see what degree of recover}’' was attained after each period of 
anoxia. 

Results. The results of these experiments are summarized in figure 1. 
In the control series the rate of respiration of the liver slices fell slightly in the 
first hour (while adjustment of the circulation was doubtless taking place) and 
then rose steadily to a level significantly higher than the initial level at the 
end of three hours. This may be a consequence of the enriched oxygen supply 
from the purely arterial blood circulating in the organ. Its importance lies in 
the possibility that the estimates of recovery after anoxia may be too generous, 
since in the intact animal with normal circulation oxygen is provided mainly at 
much lower pressures via the portal vein. The rate of respiration of the liver 
tissue is depressed in increasing degree as the period of anoxia is increased. In 
30 to 120 minutes the rate of oxygen uptake has fallen to the same level as that 
found in the liver tissue of rats in severe shock after hemorrhage. During the 
two hour period of recovery from anoxia, the liver shows considerable ability 
to restore its rate of respiration. In each instance the degree of recovery is 
related to the duration of anoxia. (The dotted lines in the figure connecting 
the recovery points with the corresponding anoxia points are not intended to 
suggest that the recovery follows a linear course, but are merely intended to 
make the relationship clear.) 

Discussion, From figure 1 it may be seen that a large component of the 
liver respiration is suppressed after anoxia of short duration. The rate of 
oxygen uptake of the liver tissue after only 15 minutes of circulatory arrest 
in vivo is about 40 per cent of the initial rate. Whether this abrupt fall is asso- 
ciated with failure of one or of all of the systems that deal with the major tissue 
substrates remains to be ascertained. It is probably not due to damage to the 
cytochrome-oxidase system, since liver slices exhibiting similar low basal rates 
of oxygen uptake after anoxia due to hemorrhage or after anoxia in vitro are 
able to oxidize succinic acid as rapidly as normal rat liver slices (1). 

In the two-hour period of recovery after release of the occluded hepatic 
artery an appreciable degree of repair of the liver respiration may take place. 
The effects of a 15 minute period of chculatory arrest are almost completely 
reversed in tw^o hours after the hepatic artery is released. After longer periods 
of anoxia recovery is less complete. In the recovery period following 120 min- 
utes of circulatory arrest the improvement in oxygen uptake is significant, but 
the level of the tissue respiration is still low — of the same order as that observed 
after 15 minutes of anoxia. It is possible that the functions of the systems as- 
sociated with the initial large depression of liver respiration have not in this 
instance been restored to any appreciable extent. Perhaps it should be empha- 
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sized as a precaution that these experiments cannot reveal whether the prin- 
cipal components of the respiration after recovery are the same as those con- 
tributing to the initial rate of oxygen uptake of the tissue. The simplest 
hypothesis is that they are, but this assumption must be tested experimentally. 

Some support for associating the improvement in liver respiration observed 
during the recovery period with the restoration of normal function is provided 
by the obseivations of Engel, Harrison and Long (3) on changes in blood amino 



Fig. 1 . Effect of hepatic anoxia in vivo on respiration of rat liver slices in vitro. Crosses: 
control observations on liver samples from operated animals. Solid circles: samples from 
livers with hepatic artery clamped for 0, 5, 15, 30, 60 and 120 minutes. Open circles: sam- 
ples taken two hours after restoration of circulation to the liver following 15, 30, 60 or 120 
minutes of hepatic anoxia. Small figures at each point indicate number of observations. 
Vertical bars indicate standard error of the means. 

nitrogen after hepatic anoxia. After anoxia of 60 minutes’ duration or less the 
liver removed amino acids from the blood at rates adequate to prevent any 
considerable increase in blood amino nitrogen above the levels attained at the 
time of release of the hepatic artery. There was an initial small rise during the 
first hour of recovery after 60 minutes of anoxia, but during the ensuing five 
hours the blood amino nitrogen rose only slightly more rapidly than it did 
during the same period in control animals in which the hepatic artery had not 
been occluded. After 120 minutes of anoxia the blood amino nitrogen continued 
to rise for several hours after the hepatic artery was released. The rate of 
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increase in the blood amino nitrogen in the first hour was greater than that 
observed in a completely eviscerated rat in the corresponding time interval, 
which suggests that the anoxic liver may have been adding amino acids to the 
blood during this time. Thereafter, the rate of increase in blood amino nitro- 
gen diminished in each succeeding hour, until in the third and fourth hours after 
release of the hepatic artery the rise in blood amino nitrogen was only about one 
third of that observed in the completely eviscerated rat in the correspondii^ 
time intervals. The liver, initially preoccupied with substrate of hepatic origia, 
had clearly regained some of its ability to remove amino acids from the blood. 
This may be associated with the observed unprovement in basal oxygen uptake 
of the liver tissue durmg the recovery period. Although the rates of respira- 
tion of the liver tissue removed at two hours after 60 or 120 minutes of circu- 
latory arrest are low, the rates of deamination may not be depressed in the 
same proportion, since in liver slices from rats in severe hemorrhagic shock the 
rates of deamination are relatively less affected than are the rates of oxygen 
uptake (2). 

It is probable that in addition to deamination, assimilation of amino acids 
by the synthesis of polypeptides and proteins also takes place in the normal 
liver. The failure of the liver to prevent a continuing rise in blood amino nitro- 
gen after anoxia of more than 60 minutes’ duration may in part refliect the loss, 
or the retarded recovery, of this anabolic function of the organ. It is worth 
noting that in the liver tissue of rats in severe hemorrhagic shock the rate of 
urea synthesis, a process requiring energy, is relatively more severely depressed 
than the rate of oxygen uptake (2). The oxygen consumed by the liver slices 
after prolonged anoxia may thus be very largely used in catabolic reactions like 
deamination rather than in reactions leading to the development of energy for 
assimilatory processes. 

The experiments described in this paper comprise the first part of a study of 
the factors influencing the resistance of the liver to anoxia following circulatory 
arrest, and affecting the rate of recovery of the organ after exposure to suchstress. 
ITiere is now a fair amount of evidence indicating that the liver is one of the 
organs most severely affected in shock, in which there is an impaired blood and 
oxygen supply to that organ particularly. Although it cannot be said that 
impaired hepatic function is directly responsible for death in shook, hepatic 
failure may be one of the sustaining factors in diock of long duration, and the 
rate of recovery of liver function must certainly influence the course of re- 
covery and of convalescence after the immediate crisis of shock has been over- 
come. These experiments furnish the outlines of a useful method for the study 
of factors influencing the recovery of the liver after periods of anoxia. 

SUMMAEY 

1. In rats in which the sole blood supply to the liver was provided by the 
hepatic artery, occlusion of the artery for 5, 15, 30, 60 and 120 minutes caused a 
progressive fall in the rate of respiration of the liver tissue in vitro. After 15 
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minutes of anoxia the respiration rate of the slices was reduced by half, and 
after one hour, to about one-third the normal rate. 

2. Two hours after restoration of the circulation through the liver, the respi- 
ration of the liver slices showed a degree of recovery related to the duration of 
anoxia. After 15 minutes of anoxia the respiration rate returned to normal in 
two hours, after 30 minutes of anoxia, to two-thirds the normal rate, after 60 
minutes of anoxia, to about one-half the normal rate. After two hours of anoxia 
the amount of recovery was significant, but the rate was still very low. 

3. The relationship of these findings to the ability of the liver to remove amino 
acids after anoxia is discussed. The experimental procedure employed is sug- 
gested as the basis for a study of the factors influencing the recovery of the liver 
from damage due to shock or anoxia. 
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A characteristic feature of the metabolism of rats in hemorrhagic shock is a 
marked increase in the level of plasma amino nitrogen. This increase has been 
correlated with the degree of shock present as shown by the clinical symptoms, 
with the decrease in arterial blood pressure, with a decrease in oxygen satura- 
tion of both portal and peripheral venous blood, and with a decrease in rate of 
respiration of slices of liver tissue taken from animals in shock (1-3). It has 
also been shown that anoxia of the liver in situ, without loss of blood or other 
evidence of shock, is followed by a progressive rise in the blood amino nitrogen 
level, and that anoxia either in vivo or in vitro leads to a marked decrease in the 
rate of respiration of the liver tissue (2, 4). The increase in the level of circu- 
lating amino nitrogen in shock has been shown to be due at least in part to 
release of amino acids from the peripheral tissues (5). However, the association 
of damage to the respiratory systems of the liver with increases in blood amino 
nitrogen levels both in shock and after hepatic anoxia in vivo suggests that fail- 
ure of the liver to metabolize amino acids may also be a significant feature of 
hemorrhagic shock. 

Failure in the metabolism of amino acids by the liver might involve defects in 
their assimilation (protein or peptide synthesis) or in their deamination, or 
in urea synthesis. Some aspects of these possibilities have been examined in 
the following ways: 1, by determining whether there are significant changes in 
the concentration of ammonia in the blood and in the amounts of amino, am- 
monia, and amide nitrogen in the liver, in shock; and 2, by determining the rate 
of deamination of an amino acid, and of urea synthesis from an amino acid and 
from ammonium lactate by liver slices taken from animals in hemorrhagica 
shock. 

Methods and materials. Fasted male albino rats of the Sprague-Dawley 
strain, weighing from 250 to 300 grams, were used in these experiments. In all 
of the experiments the animals were anesthetized with sodium pentobarbital 
(nembutal) in a dose of 4 mgm, per 100 grams. Shock was induced by removing 
from 2.8 to 3.0 per cent of the body weight of blood from the cut end of the 
tail in the course of an hour. The animals were sacrificed from one to two hours 
after the end of bleeding. No attempt was made to obtain uniformity in the 

^ The work described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research between the Office of Scientific Research and Development and 
Yale University, 
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degree of shock attained, since it was of particular interest to study the changes 
in nitrogen metabolism of the liver in relation to the severity of the state of 
shock induced. As described in an earlier paper (3), the degree of shock was 
judged to be mild, moderate, or severe, according to the increase in blood amino 
nitrogen and to rate of oxygen uptake of the liver tissue. 

The general methods of preparing the liver slices for study in vitro have been 
described in another paper (3). For measurements of oxygen uptake the slices 
were incubated in 3 ml. of physiological salt solution containing phosphate buffer 
(0.017 M ; pH 7.4), under an atmosphere of 100 per cent oxygen. Some observa- 
tions on urea formation in this medium were also made. For most of the studies 
of urea synthesis and deamination the medium was buffered with bicarbonate 
(0.024 M, pH 7.4), and the vessels were filled with a mixture of 96 per cent oxy- 
gen and 5 per cent carbon dioxide. Each vessel contained about 100 rn g m (wet 
weight) of liver slices. The time of incubation was two hours. The initial dry 
weight of the tissues was determined on parallel samples taken at the time the 
slices were prepared. The data of this paper are presented in terms of the 
initial dry weight of the tissues taken, except where otherwise noted. In the 
experiments in which chemical determinations were made, initial values w'ere 
obtained from samples prepared and equilibrated in the bath, along with the 
experimental samples, but removed and prepared for analysis at the end of the 
equilibration period. 

Urea was determined manometrically on duplicate 1 ml. aliquots of the me- 
dium by a modification of the method of Krebs and Henseleit (6). To the fluid 
and slices remaining in the vessels after removal of these samples, 0.3 ml. (for 
phosphate-buffered media) or 0.4 ml. (for bicarbonate-buffered media) of 0.25 
N sulfuric acid was added. After mixing, 0.1 ml. of 10 per cent sodium tung- 
state was added to precipitate the proteins, and redistilled water was added to 
make the final volume 2 ml. The mixed contents of the vessels were decanted 
and centrifuged. Determinations of total ammonia (free plus “amide” am- 
monia) were made on 1 ml. aliquots of the supernatant liquid as described 
below. 

In one series of experiments on bled rats amino, ammonia and “amide” 
nitrogen was determined on tungstate filtrates from samples of liver tissue taken 
at the time of sacrifice. The samples (about 100 mgm. wet weight) were put 
into tared 15 ml. graduated centrifuge tubes containii^ 0.3 ml. of two-thirds 
normal sulfuric acid, weighed and pulped with a glass rod. The mixture was 
diluted with redistilled water, 0.3 ml. of 10 per cent sodium turgstate was 
added, and the volume was brought to 5 ml. with water. After mixing, the 
tubes were allowed to stand for about one-half hour before they were centri- 
fuged. One-half milliliter aliquots of the supernatant fluids were used for es- 
timations in duplicate of amino and of free ammonia nitrogen. Estimations of 
total easily hydrolyzable nitrogen, including both free and “amide” nitrogen, 
were made as described by Krebs (7). To 1 ml. aliquots of the protein-free 
fluid in small test tubes, 0.1 ml. of a mixture of equal parts of concentrated 
sulfuric acid and water was added.' Hydrolysis was carried out by placing the 
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tubes in boiling water for 5 minutes. After cooling, the contents of each tube 
were neutralized with potassium hydroxide to about pH 5 and made to a vol- 
ume of 2 ml. with redistilled water. Aliquots of these solutions and of blanks 
containing acid, alkali, and indicator were analyzed for ammonia nitrogen. The 
difference in ammonia nitrogen between that found directly and that found 
after hydrolysis was called “amide” nitrogen. It is believed to be derived 
mainly from glutamine, although other sources of easily hydrolyzed ammonia 
may contribute to it. 

Ammonia was determined in all cases by the microdiffusion method of Con- 
way (8) used in conjunction with a colorimetric estimation of ammonia based 
on its reaction with phenol and hypocholorite (9). In the determinations on 
tissue extracts, complete absorption of the ammonia was allowed to take place 
at room temperature. For the determination of blood ammonia the inter- 
rupted absorption technique of Conway was used. One-half milliliter samples 
of blood were taken from the vena cava into hypodermic syringes moistened 
with ammonia-free potassium oxalate solution, measui'ed in the syringe, and 
delivered immediately into small Conway units containing 0.5 ml. of potassium 
carbonate in the outer chambers and 0.5 ml. of 0.01 N hydrochloric acid in the 
iimer wells. At the same time similar units were prepared containing, instead 
of blood, either standard amounts of anunonia or redistilled water (for blanks). 
Absorption of anunonia was allowed to proceed at room temperature for thirty 
minutes under identical conditions in all units. At the end of this time the acid 
in each imit was rinsed into a colorimeter tube. The colors were then devel- 
oped and the unknown and standard samples directly compared in the photo- 
electric colorimeter. Corrections were made for the amount of ammonia lib- 
erated by the alkali from the blood constituents, as described by Conway. 

Blood amino nitrogen was determined on 0.2 ml. samples of whole blood taken 
before bleeding and at the time of sacrifice of the animal. All amino nitrogen 
determinations were made by the method of Frame, Russell, and Wilhelmi (10). 

Results. Ajnmmia and amino nitrogen content of blood and liver in shock. 
Observations on the level of ammonia in the blood and of ammonia, “amide,” 
and amino nitrogen in the liver of rats in states of moderate or severe shock after 
hemorrhage are presented in table 1. The blood ammonia rose in all the rats 
in shook, the increases being generally greater in the animals showing the most 
distress. However, although the content of ammonia nitrogen of the blood 
of the animals in shock was relatively far above normal, it never rose above 
1 mgm. per cent. The free ammonia content of liver is normally 2 to 4 mgm. 
per cent, and other tissues also contain free ammonia in concentrations equal to 
or greater than those found in the blood of animals in shock. It does not seem 
likely therefore that ammonia can have been a toxic factor in these animalg un- 
less their tissues were very much more sensitive than normal tissues to altera- 
tions in ammonia levels. 

The livers of the animals in shock showed slight changes in ammonia content, 
the free ammonia increasing somewhat, the “amide” nitrogen falling in all but 
one experiment, and the total ammonia not changing significantly. These 
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figures suggest that if the ability of the liver to metabolize amino acids ' 
is reduced in shock, the rates of deamination and of urea formation in vivo must 
be reduced in a nearly parallel manner. The average amino nitrogen content 
of the livers of the rats in shock rose moderately, the concentrations being con- 
sistently higher in those animals in the more severe states of shock. Since the 
level of free amino nitrogen in the liver is normally about ten times that found 
in the plasma, and since the increases in amino nitrogen content of the livers of 
the animals in shock appeared in many cases to be too great to be accounted for 
solely by increases in the amino acid content of the circulating fluid, the extra 
amino nitrogen in the liver may have been in large part of hepatic origin. Pre- 
cise evaluation of the increase in free amino nitrogen in the liver requires further 
investigation of the relationship between the levels of amino nitrogen of plasma 
and of the liver in normal animals as well as in animals in shock. 

TABLE 1 


Ammonia and amino nitrogen of blood and liver of rats in shock 



NO. OF 
OBS. 

BLOOD 

AMMONIA 

NITROGEN 

BLOOD 

AMINO 

NITKOGEN 

LIVER AMMONIA NITSOGEN 

LIVER 

AMINO 

NITROGEN 



mgt», per 
cent 

mgm. per 
cent increase 

Free 

mgm. per cer> 
Total 

*^Amide'* 

mgm. per 
cent* 

Normal rats 

7 

0.05 

0 

2.6 

(1.^.0) 

9.8 

(7-16) 

7.3 

(4.6-12.1) 

55 

(47-62) 

Rats in hemor- 

9 

0.66 

+7.9 

4.0 

8.1t 

4.1t 

66 

rhagic shock 

i 

(0.30- 

0.81) 

(+3.0- 

+12.1) 

(2. 8-5. 3) 

(5-16) 

(1.5-13.2) 

(57-74) 


* Based on wet weight, 
t These averages include one very high value. 


Deamination and urea synthesis. The effects of hemorrhage on the ability f 
of the liver to deaminate amino acids and to synthesize urea, a, in the presence * 
of an amino acid; 6, with ammonia and lactate as substrates, and c, in the pres-: 
ence of ammonia, lactate and ornithine, were studied in two series of experi-j 
ments. j 

In the first series, liver slices were incubated with 0.04 M dl-alanine for two; 
hours. Urea and total ammonia nitrogen were then determined on aliquots of ' 
the medium. Initial values were determined from parallel samples taken at! 
the beginning of the incubation period. The sum of the increases in these; 
quantities provides an estimate of the amount of deamination that has taken 
place during the experiment. Some of the experiments on liver slices from nor- ^ 
mal rats were carried out in phosphate rather than in bicarbonate buffer ml 
order to determine the effect of the medium on the ability of the tissue to de- 
aminate the amino acid. All of the observations are summarized in table 2. 
Both urea synthesis and deamination are smaller in phosphate buffer than in! 
bicarbonate buffer. All of the experiments on liver tissue from bled rats were ' 
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therefore carried out in bicarbonate buffer. The initial amounts of urea and 
ammonia nitrogen present in slices from normal and from bled rats are similar, 
and there are also no differences between the samples incubated without sub- 
strate. In the presence of dl-alanine, the amount of urea formed decreases with 
increasing severity of shock. The amount of deamination decreases also, but to 

TABLE 2 


Deamination and urea synthesis from dUalanine (O.O4 M) by liver slices from normal rats 
and from rats in hemorrhagic shock 

(All figures are expressed in terms of mgm. N per gram initial dry weight) 


DESCRIPTION 

NUNBER OP 
OBSERVATIONS 

T7REA N 

AMMONIA N 

TOTAL N (urea 
+ AMMONIA) 

Initial levels : 

Normal rats: 

Phosphate medium 

2 

0.70 

1.05 

1.75 

Bicarbonate medium 

! ^ 

0.25 

j 

0.39 

0,59 

Bled rats: 

Bicarbonate 

9 * 

0.46 

0.44 

0.90 

No substrate: increase over initial 
levels : 

Normal rats: 

Phosphate 

1 

0.23 

0.01 

0.22 

Bicarbonate 

5 

0.52 

0.04 

0.56 

Bled rats: 

Bicarbonate . . 

9 * 

0.56 j 

0.05 

0.61 

dl-alanine ( 0.04 M) : increase over 
initial levels: 

Normal rats: 

Phosphate 

8 

1.16 : 

1.72 

2.88 

Bicarbonate 

16 

3.11 

0.45 

3.56 

Bled rats : bicarbonate : 

I. Mild shock 

3 

1.84 

0.33 

2.27 

II. Moderate shock 

9 

1.28 

0.68 

1.96 

III. Severe shock 

12 

0.42 

1.26 

1.68 


* Samples from all classes of bled rats combined, since there were no significant differ- 
ences between them. 


a smaller extent; there is therefore an accumulation of ammonia in the system 
during incubation. 

The relation of these changes to each other and to the rate of oxygen uptake 
of the liver tissue (in phosphate buffer in the presence of glucose) and the ‘in- 
crease in blood amino nitrogen, with increasing severity of shock, is illustrated 
in figure 1. At first, the decline in deamination and in urea synthesis is similar, 
and is proportionately greater than the decrease in oxygen uptake. In moderate 
and severe shock, however, deamination is not much further diminished, whereas 
urea synthesis continues to fall sharply, to a greater degree than the oxygen 
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consumption. This comparison between the rates of respiration and of urea 
synthesis may be too conservative, since the rates of oxygen consumption ob- 
served were basal rates vdth glucose as substrate. The rate of oxygen uptake 
of liver tissue is increased in the presence of dl-alanine, and although the oxygen 
uptakes could not be measured in the bicarbonate medium, it is fairly certain, 
in view of the observed deamination rates, that they were increased over the 
basal rates, even in samples from animals in severe shock. The observations 
tend to suggest that a process requiring energy might be more seriously affected 
in a tissue damaged by stress than the degree of failure in the oxygen con- 
sumption of the tissue would indicate. 

In the second series of experiments urea synthesis from ammonia (0.01 M) 
and lactate (0,02 M dl), with and without catalysis by ornithine, was studied 



Fig. 1. Percentage changes with increasing severity of shock (normal = 100 per cent) 
in blood amino nitrogen (V), rate of oxygen uptake of liver slices in phosphate buffer with 
0.2 per cent glucose (•), urea nitrogen synthesized (O) and total nitrogen arising from 
deamination (X) by liver slices in bicarbonate buffer. 

Fig. 2. Percentage changes with increasing severity of shock (normal - 100 per cent) 
in blood amino nitrogen (V), rate of oxygen uptake of liver slices in phosphate buffer with 
0.2 per cent glucose (•), and urea nitrogen synthesized from ammonia and lactate (X) 
and ammonia, lactate, and ornithine (O) by liver slices in bicarbonate buffer. 

in order to determine the maximum capacity of liver slices from normal and 
from bled rats to form urea from ammonia. These observations are summarized 
in table 3. The initial values for urea nitrogen in samples from normal and 
from bled rats are variable and not significantly different from one another. 
With increasing severity of shock smaller amounts of urea are synthesized. The 
catalytic effect of ornithine on the synthesis is evident in slices from rats in 
severe shock. The increases due to ornithine are rather smaller with increasing 
severity of shock, and marked differences in rate of synthesis persist despite the 
presence of the catalyst. 

These observations are compared in figure 2 with the changes in rate of oxygen 
uptake (in phosphate buffer, with 0.2 per cent glucose) and with the increases 
in blood amino nitrogen that take place with increasing severity of shock. (Al- 
though no animals in mild shock were observed in this series, the scale of fig. 
2 is, to facilitate comparison, the same as that of fig. 1.) The pattern of the 
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two figures is in most respects the same. With increased degree of shock, the 
failure in urea synthesis, in both the catalyzed and the uncatalyzed reaction, is 
proportionately greater than the fall in the basal rate of oxygen uptake of the 
liver tissues. The observations in both series indicate that the ability of liver 
slices from rats in hemorrhagic shock to S3mthesize urea is not limited by the 
rate of deamination in such tissues, or by loss of their response to the catalytic 
effect of ornithine, or by their rates of oxygen uptake. The diminished respira- 
tion, however, appears to be accompanied by a somewhat greater proportionate 
fall in the intensity of processes supplying energy for urea synthesis. 

Discussion. These observations provide adchtional evidence of impaired 
liver function in the rat in hemorrhagic shock. They are consistent with the 
view that the rise in blood amino nitrogen observed in shock is due in part to a 
failure of the liver to remove amino acids, either by assimilation or by deamina- 
tion and urea ssmthesis. They also provide indirect support for the view that 
the increase in circulating amino nitrogen in shock is due in part to release of 

TABLE 3 

Urea synthesis in liver slices from normal rats and rats in hemorrhagic shock, in the presence 
of sodium lactate (0.0$ M), and ammonium chloride (0.01 M), with and without 

ornithine (0.00$ M) 

Urea nitrogen (mgm. per gram initial dry weight) 


DESCRIPTION 

INITIAL 

INCREASE OVER INITIAL 

Animoma, lactate 

Ammonia, lactate, 
ornithine 

ISTormal (8) 

0.66 

2.74 

6.29 

Bled : moderate shock (10) 

1.46 

1.43 

3.97 

Bled : severe shock (4) 

1.00 

0.30 

2.30 



amino nitrogen fi-om the peripheral tissues, since the blood amino nitrogen in- 
creases rapidly at a time when deamination and urea synthesis are still taking 
place at moderate rates in the liver. The capacity of the liver for deamination 
and urea s 3 mthesis is large, and it may be expected that in the intact aniihal 
these processes will continue at appreciable rates even in relatively advanced 
stages of shock. The assimilation ot amino acids by the liver may, however, 
be more seriously unpaired, as suggested by the observation that the increases 
in liver amino nitrogen may be partly of hepatic origin. 

The question may be raised whether, with respect to deamination, these data 
indicate the real degree of failure of the liver in shock. The substrate employed 
comprised both optical isomers of alanine, and although these two forms are 
both deaminated by rat Uver slices, according to Krebs (11) the unnatural isomer 
is deaminated at a rate several times greater than the natural isomer. If the 
fall in rate of deamination in shock were due to a selective failure of the system 
deaminating the natural isomer, while the other system remained relatively un- 
affected, then the ability of the liver to remove circulating amino acids would 
be more depressed than the data reveal. The observation that ammonia does 



METABOLISM OF LIVER TISSUE IN HEMORRHAGIC SHOCK 


681 


not accumulate in the liver in vivo with increasing severity of shock, when the 
capacity for urea synthesis (as judged from the in vitro experiments) is progres- 
sively diminished, suggests that the ability of the liver to deaminate amino adds 
of the natural series is in fact more seriously affected than the data on deamina- 
tion in vitro indicate. These experiments might profitably be repeated with 
one or more amino acids of the natural series. 

The failure of urea synthesis with increasing severity of shock is interesting 
because this is one of the characteristic energy-using reactions of liver fissue, 
and it therefore provides an opportunity of correlating the utilization of oxi- 
dative energy with the oxygen consumption of the tissue. Figures 1 and 2 
indicate that there is a rough correlation between the basal rates of oxygen 
uptake and the rates of urea synthesis by the liver slices. They also show that 
urea synthesis is, at each stage, relatively more depressed than the rate of respi- 
ration, so that a fall in oxygen uptake may indicate a decrease in a reaction 
using energy, but it is not necessarily indicative of the degree to which that 
process may be impaired. If, as seems probable, this relationship applies to 
other energy-using reactions than urea synthesis (for instance, the assimilation 
of amino acids), it may mean that the integrity of a tissue can be in considerable 
jeopardy without there necessarily being any clear reflection of this critical situ- 
ation in a corresponding failure in rate of oxygen consumption. 

SUMMARY 

1. In rats in shock after hemorrhage the ammonia content of venous blood 
was increased. The levels attained, although far above normal, did not indicate 
that ammonia was a toxic factor in these conditions. The livers of these animals 
^owed slight changes in free, “amide,” or total easily hydrolyzable ammonia, 
as determined in tungstic acid filtrates. The free amino nitrogen content of the 
liver tissue was high in rats in shock, the increase appearing to be in part of 
hepatic origin. 

2. The rate of deamination of dl-alanine by liver slices taken from rats in 
shock after hemorrhage was decreased, but not to as great an extent as was the 
basal oxygen uptake of the slices. 

3. The rate of synthesis of urea by the liver slices from dl-alanine or from 
ammonium lactate was progressively diminished with increasing severity of 
shock. The rate was affected more sharply than was the basal respiration rate, 
synthesis being nearly abolished in the slices from rats in severe shock. 

4. Urea synthesis from ammonium lactate was increased in rate by catalytic 

concentrations of ornithine in liver slices taken both from normsft and from bled 
rats. However, the increases in rate due to ornithine were smaller in the tissues 
from rats in shock, and marked differences in rates still persisted in the presence 
of ornithine. . 

5. The evidence supports the conclusion that in shock after hemorrhage in 
the rat, deamination and urea synthesis in the liver are progressively depressed. 
The rise in blood amino nitrogen in shock is probably not due alone to the fail- 
ure of the liver to catabolize amino acids, but is also due to failure of the liver 
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to assimilate amino acids and to an increased contribution of amino nitrogen 
from the peripheral tissues. 
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• Elsewhere some of the effects of anoxia and of hemorrhage on the metabolism 
of slices of rat liver and kidney tissue have been described (1-3). In this paper 
a report is made of similar experiments on slices of rat cerebral cortex. The 
work done falls into four sections: 1. A determination of the conditions for 
obtaining uniform, steady, and reproducible rates of oxygen uptake in samples 
of tissue from the same rat brain and from different brains. 2. A study of the 
effects of increasing periods of anoxia in vitro on the rates of oxygen uptake of 
brain slices in the presence and in the absence of glucose. 3. A series of ob- 
servations on the oxygen uptake of brain slices from rats exhibitii^ the first 
acute symptoms of hemorrhagic shock. 4. A study of the metabolism of brain 
tissue from rats in the terminal stages of shock induced by the standard pro- 
cedure to be described by Sayers, Sayers, and Long (4). In the latter experi- 
ments, determinations of changes in lactate, and in amino, ammonia and 
“amide” nitrogen were made and compared with like observations upon a 
comparable series of normal rat brains. In some of these experiments the rates 
of respiration of slices of the liver tissue were determined and compared with 
those obtained from an earlier series of rats in hemorrhagic shock. 

Methods and mateeials. The general methods used in the experiments 
were as follows. The medium in which the bram slices were incubated was 
Krebs’ (5) physiological saline, phosphate buffered, pH 7.4, modified to contain 
5 mgm. per cent of calcium, rather than the 10 mgm. per cent originally pro- 
posed. No precipitate of calcixim phosphate is formed in this mixture. The 
volume of medium used was in every instance 2 ml., the atmosphere was, ex- 
cept where otherwise stated, 100 per cent oxygen, the temperature 37.5°, and 
the rate of shaking of the vessels was never less than 125 double excursions (6 
cm.) per minute. Fasted male albino rats of the Sprague-Dawley strain were 
used throughout these experiments. The animals, unanesthetised, were de- 
capitated by a single sharp stroke of heavy autopsy scissors. The- brain was 
quickly removed and kept in a cold chamber during the preparation of slices. 
The whole cerebral cortex was sliced, the slices being handled with glass imple- 
ments and stored in a cold moist chamber until they were distributed to the 
vessels. Samples of from 70 to 80 mgm. were weighed on a glass hook on the 

* The work described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research between the Office of Scientific Research and Development and 
Yale University. 
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torsion balance and placed in the vessels. Parallel samples were weighed and 
taken for the estimation of dry weight. After distribution of the tissue, the 
vessels were mounted, gassed, and placed in the water bath for a ten-minute 
equilibration period before the addition of substrate was made and the measure- 
ments of oxygen uptake were begun. The time of preparation of the brain tis- 
sues was standardized as far as possible. As a rule, the first measurements of 
respiration were begun about 40 minutes after the death of the animal. Values 
of the rate of oxygen uptake are presented in terms of cubic millimeters per milli- 
gram of initial dry wei^t of tissue per hour. 

In the experiments in which chemical determinations were made, the vessels 
were removed from the bath, wiped free of external moisture, and detached 
from the manometers. Four-tenths milliliter of 0.25 N sulfuric acid was run 
into each vessel, and the mixed contents were decanted into a 15 ml. graduated 
centrifr^ed tube. Each vessel was washed three times with 1 ml. of re-distilled 
water, the washings being added to the centrifuge tube. One-tenth milliliter 
of 10 per cent sodium tungstate was then added to the mixture in the centrifuge 
tube, the volume was made up to 6 ml. with redistilled water, and the contents 
of the tube were vigorously mixed with a glass rod and allowed to stand until the 
precipitate had settled. The samples were centrifuged, and the clear super- 
natant liquids were decanted into test tubes and stored in the refrigerator until 
the time of analyas. 

Lactate was determined by the method of Barker and Summersen (6) and 
amino nitrogen by the method of Frame, Russell, and Wilhelmi (7). Ammonia 
nitrogen (free and “amide”) was determined as described in another paper of 
this series (2). The “amide” or easily hydrolyzable ammonia is believed to be 
derived mainly from glutanine. 

Results. 1. The respiration of normal rat cerebral cortex. Four factors are 
important in obtaining reproducible rates of respiration in samples of brain 
slices from the same rat and from a series of different rats: a, uniformity in 
the time of preparation of the tissues; b, the presence of calcium in the medium; 
c, the presence of glucose as substrate; d, the selection of initial dry weight as 
the basis for calculating the rates of r^piration. The metabolic activity of the 
brain tissue declines continuously from the time of its removal from the an im al. 
It may be stabilized at any point by the addition of glucose. Hence a uniform 
time of preparation is necessary if the measured initial rates of oxygen uptake 
in samples from different brains are to be comparable. In the absence of cal- 
cium, the initial rate of respiration with glucose is about 30 per cent higher than 
in the presence of calcium, but the rate declines continuously until, in 3 hours, 
it is at the level of the initial steady rate exhibited by slices incubated with both 
calcium and glucose. An unrestrained, declining respiration of damaged cells 
appears to be superimposed upon the steady respiration of the intact cells of 
the slices. In the absence of glucose, the course of the respiration is the same 
with and without calcium in the medium; it falls in a linear fashion for 2 hours, 
and thereafter more slowly. The addition of glucose does not bring about re- 
covery to the initial rate but only stabilizes the rate at the level reached at the 
time of the addition. 
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Brain slices fragment easily. After 2 or 3 houi-s of incubation there are 
many small particles in the medium, and there is a considerable amount of 
protein in solution. The recovery of all the tissue, or even of a uniform pro- 
portion of it, for deteiminations of dry weight at the end of the experiment is 
difficult. This difficulty may be avoided by basing the measurements of oxygen 
uptake upon the dry weight of tissue put into the vessels at the beginning, cal- 
culated from the wet weights of the tissues and from samples taken at that 
time for dry weight determination. In this series of experiments the per cent 
of dry weight of the brain slices made in this way was quite uniform. In a 
series of 62 brains, the mean dry weight was 20.73 db 0.12 per cent. No sig- 

TABLE 1 


The course of the respiration of normal rat brain slices in the presence and absence of calcium 

and of glucose 


EXPERIMENTAL CONDITIONS 


. MM. PER MGM. OR INITIAL DRY WEIGHT PER HOXTR) 

ihr. 

Ihr, 

2 hr. 

3 hr. 

No substrate, calcium 

(32)* 

(30) 

(28) 

(10) 


I 6.97 ±0.15t 

5.72 ±0.12 

2.41 ±0.07 

i 1.36 ±0.09 

Glucose (0.2%) calcium 

(32) 

(32) 

(32) 

(16) 


9.06 ±0.15 

9.23 ±0.14 

9.32 ±0.11 

9.04 ±0.17 

No substrate, no calcium ‘ 

(2) 

(2) 

(2) 

(2) 


7.55 

6.20 

2.30 

1.40 

Glucose (0.2%) no cal- 

(10) 

(14) 

(14) 

(14) 

cium 

12,12 ±0.04 

11.86 ±0.29 1 

10.41 ±0.21 

9.09 ±0.17 

In air: no substrate, cal- 

(2) 

(2) 

(2) 

(2) 

cium 

7,25 

6.16 

2.96 

1.70 

In air: glucose (0.2%) 

(10) 

(10) 

(10) 

(10) 

calcium 

8.13 ±0.19 

8.36 ±0.11 

8.37 ±0.10 

8.66 ±0.13 


* Numbers in parentheses indicate the number of inidividual samples, 
t Standard error of the mean. 


nificant differences were observed between brains from normal rats and those 
from rats in shock. Gross irregularities in rates of oxygen uptake, which have 
been one of the chief complaints against reported experiments with brain slices 
in the past, were not encountered in these experiments. It was therefore pos- 
sible to anticipate that any differences in the rates of respiration of brain slices 
from normal rats and from rats in hemorrhagic shock could be treated with 
confidence as being real. Data illustrating the main points of this section 
are summarized in table 1 and figure 1. 

2. The effects of anoxia upon the respiration of 7iormal rat cerebral cortex. Since 
one of the consequences of severe hemorrhage might be to deprive the brain of 
an adequate oxygen supply, it was thought of interest to determine the effects 
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of lack of oxygen for varying periods upon the rate of respiration of brain slices 
in vitro. In these circumstances it is possible to determine, without other com- 
plications, the resistance of the tissue to lack of oxygen, the effects of addition of 
substrate upon the recovery of the tissue after exposure, and the effects of sub- 
strate upon I'esistance to exposure to anoxia. The arrangements for these ex- 
periments were as follows. Brain slices from normal rats were prepared and 
distributed in the vessels in the usual manner. All of the vessels were then filled 
with nitrogen and mounted in the bath. At 10, 15, 20 or 30 minutes from this 
time, four vessels were removed, filled with oxygen, and returned to the bath. 
After 10 minutes for temperature equilibration, the manometers were closed, 
substrate was tipped in, and the measurement of oxygen uptake was started. 
Of the four vessels in each set, one pair contained no substrate and the other 
contained glucose in a final concentration of 0.2 per cent. In another series, 
the same procedure was followed, except that the addition of substrate was 



Fig. 1 Fig. 2 

Fig. 1. Effects of delayed addition of substrate to slices of rat cerebral cortex. Glucose 
(0.2 per cent) was added at 0, 30, 60 and 120 minutes. 

Fig. 2, Effects of anoxia on the initial rate of respiration of rat brain slices. White 
columns: glucose (0.2 per cent) added at beginning of incubation; diagonal hatching; 
glucose added at end of period in nitrogen; vertical hatching: no substrate. 

made at the beginning of the period of incubation in nitrogen. The course of 
the respiration was followed in each case for 3 hours from the beginning of the 
experiment. There were no notable differences between normal and anoxic 
tissue in the shapes of the curves obtained, so that the initial respiration rates 
are fairly representative of the differences in rates maintained throughout the 
experimental period. The rates of respiration for the first half-hour are pre- 
sented in figure 2. 

With increasing time of exposure to nitrogen the subsequent respiration was 
increasingly depressed. In the absence of substrate the rate after 30 minutes^ 
exposure to nitrogen was equivalent to the rate after 2 hours in oxygen. In 
each instance the rate of respiration was increased, although not restored to 
normal, by the addition of glucose at the end of the period in nitrogen. In 
this respect, the effect of anoxia is different from that of deprivation of sub- 
strate. The presence of glucose during the period of exposure to nitrogen did 
not appear to increase the resistance of the tissue to anoxia. These effects of 
exposure to nitrogen may be compared with the effects of incubating brain slices 
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in air (table 1). The rates of respiration were only slightly less in air than they 
were in 100 per cent oxygen. Normal brain tissue appears to be rather resistant 
to partial lack of oxygen, but evidently it is permanently damaged by more 
profound anoxia over any period of time. 

3. The effects of hemorrhage {withovi re-transfusdm) upon the oxygen uptake 
of rat cerebral cortex in viiro. A group of four rats was bled according to the 
initial stage of the standard procedure outlined by Sayers, Sayers and Long 
(4). The animals were suspended in harness, and 2.6 per cent of the body 
w^ht of blood was removed from the cut end of the tail in the course of an 
hour. The animals were left in harness mitil clear indications of distress were 
exhibited. They were then decapitated, the brain w'as quickly removed, and 
slices were prepared for measurement of the oxygen uptake as outlined above. 
Of the four animals two were moribund at the time of sacrifice; the remaining 
pair were not in an acutely depressed state. There was very little bleeding 
on decapitation, and the brain itself was almost bloodless, so that the major 
divisions of the cerebrum which are usually clearly outlined by blood vessels 
in the surrounding membranes, were difficult to see. The results of the respira- 
tion experiments wth this group are presented in table 2. Only the two rats 
exhibiting severe symptoms (nos. 1 and 2) showed a marked increase in plasma 
amino nitrogen and some, but not marked, failure in rate of respiration, both 
in the absence of substrate and with glucose. The fall in rate of oxygen uptake 
of the brain slices in these animals is proportionately very much less than the 
degree of failure in rate of oxygen uptake of liver slices taken from animals ex- 
hibiting comparable increases in plasma amino nitrogen after severe hemor- 
rhage (1). 

4. The metabolism of rat cerebral cortex from animals after hemorrhage with 
repeated re-transfusion insufficient to permit recovery (^‘terminal shock”). It 
was thought that the changes exhibited by the pair of rats in the acute initial 
stages after hemorrhage might be accentuated in rats that had been subjected 
to the standard procedure of bleeding and careful re-transfusion described by 
Sayers, Sayers and Long (4). In the course of their experiments a number of 
brains from such animals in the terminal stage were made available for study. 
The first brain studied did have a low rate of respiration. However,, in this 
experiment the rat had been anesthetised with nembutal in order to facilitate 
the removal of blood for a number of analyses. The effects of nembutal (4 mgm. 
per 100 gm. body weight) were therefore determined on a pair of normal rat 
brains for comparison (table 3). Nembutal did not appear to have signifi- 
cant effects on the respiration of brain slices from normal rats. However, it 
could have depressed the metabolism of brain tissue from rats in the terminal 
stages of the standard bleeding procedure; and this possibility seems to be borne 
out by the series of observations next recorded. 

A series of eight rats in “teiminal shock,” from which the brains were removed 
after decapitation without anesthesia, was next studied. In these experiments 
observations were also made upon the changes during incubation in lactic acid 
and amino, ammonia, and “amide” nitrogen, and these were compared with 
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aimilgr observations made upon, brain slices from a series of 6 normal rats. The 
data are summarized in tables 4 and 5. Only 2 out of 8 rats in “terminal shock” 
exhibited a lowered rate of respiration of the brain tissue; in these, the initial 

TABLE 2 


Respiration of brain slices from bled rats 


DESCRIPTION 

QO2 (CU. MM. PER MGM, DRY WEIGHT PER HOUR) 

ihr- 

Ihr. 

2 hr. 

3 hr. 

No substrate: 





Normal (from table 1) 

6.97 

6.72 

2.41 

1.36 

Bled: Rat 1 

5.90 

4.80 

2.15 

1.10 

2 

6.05 

5.00 

2.50 

1.45 

3 

6.90 

5.90 

2.55 


4 

7.20 

6.05 

2.95 

1 


Glucose: 





Normal (from table 1) 

9.05 

9.23 

9.32 

9.04 

Bled: Rat 1 

8.70 

8.80 

8.45 

7.60 

2 

8.10 

8.35 

8.40 

8.35 

3 

8.50 

8.75 

9.00 


4 

9.75 

9.80 

9.75 


Changes in plasma amino nitrogen: 

: Rat No, 1 : 

+ 8.3 mgm. 

per cent. 



2 : 

4-8.4 mgm. 

per cent. 



3: 

— 1.9 mgm. 

per cent. 



4: 

4 1.9 mgm. 

per cent. 



TABLE 3 

Respiration of brain slices from anesthetized raU 


DESCRIPTION 


QOa 


i hr. 

1 hr. 

2 hr. 

No substrate: 

Normal (unanesthetized) 

6.97 

5.72 

2.41 

Normal (anesthetized) 

7.95 

6.56 

2.90 

Bled (anesthetized) 

3.35 

3,{X) 

1.75 

Glucose : 




Normal (unanesthetized) 

9.05 

9.23 

9.32 

Normal (anesthetized) 

9.82 

9.70 

9.45 

Bled (anesthetized) 

7.60 

7.25 

6.85 


brain lactate concentration was very low, but the aerobic glycolysis rates were 
normal. ’ Since all the other measurements were quite uniform for both series 
of rats, only the mean values for the observations of changes in brain lactate 
and amino, ammonia, and amide nitrogen are recorded in table 5. 
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In 5 rats of this series duplicate samples of liver tissue were also taken for the 
determination of rates of oxygen uptake. They uniformly showed depressed 
rates of respiration similar to those already observed (1) in liver tissue from rats 
in moderate to severe states of shodk (table 6). 

Discussion. Under the conditions of these experiments no consistent gen- 
eral effects of hemorrhage on the metabolism of rat cerebral cortex in vitro have 
been observed. Although the train of symptoms in the terminal stages of the 
standard procedure suggests a marked disturbance of the central nervous sys- 
tem, the behavior of the brain in vitro does not offer any clues to the processes 
which are falling. There is obviously no accumulation of lactic acid or ammonia 


TABLE 4 

Respiration of brain slices from rats in * terminal shock” 


DESCKIPTION 


Ur. 

Ihr. 

2 hr. 

No substrate: 




Normal (12 obs.) : 

6.28 d=0.10* 

5.19 ±0.12* 

2.19 ±0.05* 

Terminal shock: Rat 5 

7.80 

6.65 

2.85 

6 

7.40 

6.40 

3.05 

7 

6.15 

5.10 

2.20 

9 

6.4 

5.1 

2.2 

10 

5.4 

4.7 

2.5 

11 

3.4 

3.1 

1.8 

12 

2.7 

2.4 

1.3 

Glucose : 




Normal (12 obs.): 

8.67 ±0.29* 

9.00 ±0.28* 

9.30 ±0.24* 

Terminal shock: Rat 5 

9.80 

9.95 

9.55 

6 

9.35 

9.55 

9.10 

7 

9.00 

9.30 

8.80 

8 

8.40 

8.35 

7.65 

9 

9.5 

9.7 

9.5 

10 ' 

8.7 

8.6 

8.3 

11 

6.7 

7.1 

6.8 

12 

6.2 

6.5 

5.8 


* Standard error of the mean. 


in toxic concentrations, nor is there any noticeable disturbance in glycolysis 
or in nitrogen metabolism of brain slices from ra'ts in severe diock. It is possi- 
ble that in “terminal” hemorrhagic shock the brain is protected from anoxia 
until almost the moment of death. In the animals prepared by the standard 
procedure of bleeding and retransfusion it was noticed upon opening the skulls 
that the brains and surroundiog membranes were richly engorged, in marked 
contrast to the bloodless pallor of the brains in the group of rats that were bled 
wi'thout retransfusion. This seems ’to indicate that in the procedure for pro- 
ducing “terminal diock” there is no very long period of oxygen lack in the brain. 
That anoxia of other organs is produced is shown by the characteristic low rate 
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TABLE 5 


Lactate and amino ^ amfnonia and **amide*^ nitrogen of slices of rat brain before and after 

incubation* 


DESCRIPTION OF RATS 

NORMAL 

“terminal shock” 

No. of 
observ. 

Initialf 

1 Final 

Change 

No. of 
observ. 

Initialf 

Final 

Change 

Lactate— mgm. per gram 

No substrate 

6 

tngm, 
per gin. 

4.1 

mgm. 
per gm. 

mgtn, per 
gm. 
per hr. 

7 

- .. 1 

mgm, 
per gm, 

3.0 

mgm. 
per gm. 

0.72 

43.1 

mgm. per 
gm. 
peP^-^. 

Glucose 

12 

12 


0.96 

38.5 

-1.6 

+15.6 

10 

10 


-1.0 

+15.7 





Amino nitrogen — ^mgm, 

. per gram 




No substrate 

6 

2.6 

2.9 

3.6 


7 

2.8 

3.2 

4.0 

+0.35 

+1.24 

Glucose 

12 

12 








Ammonia nitrogen — ^mgm. per gram 


Total ammonia 

4 

0.77 



7 

0.88 



No substrate 

8 


1.58 

+0.81 

10 


1.89 

+1.01 

Glucose 

8 


1.12 

+0.35 

10 


1.51 

+0.63 

Free ammonia 

3 

0.41 



7 

0.48 



No substrate 

6 


1.50 

+1.09 

10 


1.67 

+1.19 

Glucose 

12 


1.02 

+0.61 

10 


1.22 

+0.74 

‘‘Amide’’ nitrogen 

3 

0.36 



7 

0.40 



No substrate 

6 

• 

0.08 

-0.28 

10 


0.22 

-0.18 

Glucose 

8 


0.10 

-0.26j 

10 


0.29 j 

-0.11 


* All values are referred to the initial dry weights of the samples, 
t Samples taken after equilibration, immediately before beginning of measurement of 
respiration. 


TABLE 6 

Respiration of liv^r tissue from rats in ^Herminal shock** 


(Glucose 0.1~0.2 per cent present) 


DESCRIPTION 

Qo. 

h hr. 

Ihr. 

2 hr. 

Normal (28 observ.) 


5.40 

4.51 

Terminal shock: Eat 8 

3.10 

3.20 

2.75 

9 

3.15 

3.25 

2.65 

10 

2.40 

2.50 

2.15 

11 

4.25 

4.40 

4.00 

12 

2.15 

2.10 

1.70 


of respiration of liver slices obtained from these same animals. If, however, the 
circulation to the brain were even moderately well preserved, marked effects on 
the subsequent respiration of the tissue would not be expected, in view of the 
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relatively small effects of partial anoxia (respiration in air) and of complete 
anoxia for very brief periods which were observed here in the in vitro experiments. 
The data of Craig and Beecher (8), who made observations on respiration and 
glycolysis in slices of cat brain at varying oxygen tensions, are also consistent 
with this view, since only moderate differences in oxygen uptake and lactic acid 
production were encountered in changing from 100 per cent oxygen to air. 

On the other hand, it is possible that alterations did take place in the metabo- 
lism of the brain which were not reflected in the behavior of the surviving slices. 
The metabolism of only a relatively small part of the brain rather than of the 
wllSIe brain may have been affected. The metabolism of brain slices in phos- 
phate buffered media may possibly be altered in such a way as to obscure dif- 
ferences in the metabolism of tissues from normal rats and from rats in hemor- 
rhagic shock; but differences due to anoxia in vitro were clearly shown in these 
circumstances. The most likely possibility would be that, while alterations 
in the rates of respiration and of glycolysis may not be seen in tissue from ani- 
mals in shock, there may be a disruption in the effective suppl}^ of energy from 
these processes or in the energy-using systems in these tissues. 

SUMMARY * 

1. Reproducible initial rates of respiration in the absence of substrate and 
steady rates of respiration for at least three hours in the presence of glucose 
may be obtained in slices of rat cerebral cortex, provided a, that the medium 
contains calcium; &, that the initial dry weight of the tissue is chosen as the basis 
for calculating the rates of oxygen uptake, and c, that the time of preparation of 
the tissue is carefully standardized. 

2. The rate of respiration of brain slices from normal rats in the absence of 
glucose was depressed to an increasing degree with increasing duration of anoxia 
after incubation in nitrogen for 10, 16, 20 and 30 minutes. The rate of respira- 
tion w^as increased, but not to normal, if glucose was added either just before or 
at the end of the period of anaerobiosis. The respiration of brain slices in air 
was very nearly the same as that in oxygen. 

3. In two of a group of four rats w^hich had been bled 2.6 per cent of their 
body weight in an hour, in which there occurred an increase in plasma amino 
nitrogen of about 8 mgm. per cent, the respiration of cerebral cortex slices was 
somewhat low. The brain tissue of the other two rats, in Avhich no change in 
plasma amino nitrogen occurred, respired at normal rates. 

4. A series of nine rats in the terminal stages of a standard procedure for 
producing “irreversible shock’' was examined. In one, which had been anesthe- 
tized with nembutal, the oxygen uptake was severely depressed, although the 
same dose of nembutal had no effect on the respiration of brain slices from nor- 
mal rats. In the remaining eight rats of the series, which were killed by decapi- 
tation without anesthetic, the rates of respiration of the brain slices were normal 
in every instance but tw^, and in these tw^o, the rates were only slightly de- 
pressed. In this series observations were made of the lactic acid and of amino, 
ammonia and “amide” nitrogen of brain slices before and after the period of 
respiration. No significant differences wrere found between these observations 
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iind those made on brain shoes from a comparable group of normal rats. The 
rate of respiration of slices of hver tissue from animals in terminal shock was 
characteristically depressed. 

No consistent effects of shock after hemorrhage on the metabolism of brain 
were observed in this series of experiments. It may be that the brain is pro- 
tected from anoxia better than other tissues during hemorrhagic shock, so that 
marked effects are not to be expected; or there may be metabolic processes 
affected which are not measured in these circumstances. 
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The potential changes associated with the conduction of impulses in muscle 
an^nerve can be interpreted only if they are led off from small regions of the 
tissue. This is accomplished most satisfactoiily by recording monophasic 
potentials or by recording the potentials in the intact tissue with differential 
electrodes. In the study of the stomach only the second of these methods is 
practical. However, as shown by Cole and Curtis (7), the differential potential 
is the first derivative of the monophasic potential provided the distance between 
the leads is appreciably less than the length of the active region. It is possible, 
therefore, to derive the monophasic potential mathematically. 

It is important to realize that the maximal distance between the leads per- 
missible for recording differential potentials is not the same for different tissues 
and that it must be the smaller, the shorter each wave of excitation. In smooth 
muscle the waves are shorter than in any other tissue studied. Therefore, the 
leads should be very small and their distance should be preferably less than one 
millimeter. Some events of the action potential of smooth muscle, like the ' 
rising phase or spike potentials, take up a width of less than one millimeter (5) 
and such events cannot be resolved accurately with the methods available at 
the present time. For illustration, the potentials of the stomach of the guinea 
pig may be mentioned (p. 697). During each peristaltic wave, as many as twenty 
spikes can be observed. Since the active region, as seen by direct observation, 
is less than one centimeter wide, the spikes are spaced on the muscle at a distance 
of less than half a millimeter- The failure to recognize this point, the use of large 
electrodes sopai-ated one centimeter or more, lai-gely explains why previous in- 
vestigators obtained widely disagreeing results and why their records show such 
marked variability. 

Records obtained by Alvarez and Mahoney (2) with a slow galvanometer 
show no resemblance to those which wiU be described below. Richter (9) using 
a string galvanometer and monopolar (not monophasic) leads recorded during 
each contraction several slow waves, beginning with a positive deflection. Two 
of these waves undoubtedly are identical with the R and T wave described 
below. 

Method. Dogs (5-7 kgm.), cats and guinea pigs anesthetized with nembutal 
were used. The abdomen of the animal was inside a heated and humidified 
chamber. The stomach was exposed by a longitudinal incision. In cats and 
dogs, usually a rubber balloon filled with water was introduced into the stomach. 
In early experiments, thin cotton wicks soaked in Ringer’s solution were used 
as leads. The differential electrode illustrated in figure 1 was found much more 
satisfactory because the size and distance of the leads could be reduced to a 
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minimum and because movement artifacts were avoided more readily. The 
electrode consists of two capillary calomel electrodes of about 0.3 mm. inside 
diameter arranged so that the distance of the center of the two electrodes is 
about 0.6 mm. The potential difference between them is very small and con- 
stant. The electrode is permanent, provided that drying is prevented. 

It was assumed that movement artifacts are insignificant if potential fluctua- 
tions synchronous with respiration are absent, because passive movements due 
to respiration are usually much larger than those caused by the active movements 
of the stomach. In all graphs, upward movement indicates negativity 
An oscillograph or a mechanical recorder, both driven by a direct coupled ampli- 
fier, were used. 

Results. In dogs, differential records of a peristaltic wave invariably show 
three waves which can be designated as R, S and T waves (fig. 2). They are 



Fig. 1. Diagram of differential electrode. A: view from below showing surface in 
contact with muscle; B; side view; C: capillary calomel electrode; A and B enlarged 6 
times, C 9 times. Sj shell made of glass or enameled brass. Ej capillary electrode. Each 
capillary electrode contains a Pt-wire gauge 31 which is fused into the glass capillary. The 
part of the wire in the lower chamber, making contact with the muscle, is mercury -plated 
and filled with a calomel suspension in agar saline. The upper chamber contains mercury 
and serves to connect with a thin copper wire. 


exactly like the potentials previously described for the ureter (4) and they cannot 
be distinguished from corresponding records of cardiacs muscle except for the 
fact that the duration of the whole complex is five to eight seconds. In agree- 
ment with the findings on the other tissues mentioned, the R-T interval is inde- 
pendent of the distance between the leads and, therefore, these two waves do not 
represent the electric changes at each lead. Increasing the inter-electrode 
distance merely broadens the R wave and makes the T wave larger as compared 
with the R wave. With distances of a centimeter or more the waves are so 
broad that they can no longer be clearly identified. The potentials are usually 
about twice as large in the pyloric region as compared with the body and are 
greatest along the greater curvature, but otherwise no differences were noted. 
In the pause between the complexes, usually lasting eight to ten seconds, no 
electric activity can be detected even at high amplification. 
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Not infrequently, particularly with large electrodes, a small downward deflec- 
tion previous to the R wave was observed. This wave may be considered an 
artifact which is caused by the action of the organ as a volume conductor and is 
analogous to similar effects obtained in large muscles. Anti-peristaltic waves 
were recorded occasionally and gave the same type of potential except opposite 
in sign. 

As previously mentioned, the approximate shape of the monophasic poten- 
tial can be determined from the records by integration (fig. 3 D, E). It shows 
a period of negativity maintained at a constant level for a few seconds and is 
^ways preceded by a brief hump. 



Fig. 2. Differential potentials of two peristaltic waves from the stomach of the dog. 
Time in seconds. 



Fig. 3. Derivation of monophasic from differential potentials. A : differential potential 
from t.he ureter of the rat (from (4) fig. 2). B: integral curve of A obtained by graphic 
integration. (■: monophasic potential of the rat’s ureter recorded by oscillograph. D: 
differential potential from the dog’s stomach. E: integral curve of D, representing the 
approximate shape of the monophasic potential. 

It should be noted that the curve obtained by integration is the only one 
which conforms with the results obtained on the assumption that the velocity of 
conduction and other characteristics of the response are uniform in the region of 
the muscle between the electrodes. As an experimental check on the validity of 
the method, records from other smooth muscles previously described (4) were 
analyzed. The results show that the monophasic potential derived from the 
differential curve agrees with that directly recorded as well as expected (fig. 
3 A, B, C). Because of a well-known and inevitable “diphasic artifact’’ in the 
usual method of recording monophasic potentials the calculated curve is prob- 
ably more accurate than the other. 
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A single electric shock (discharge of a 4iuP condenser, 4.5 to 22 volt) applied 
orad to the leads at the end of a T wave, produced a premature peristaltic wave 
followed by a prolonged pause (fig. 4 A, B). The pause is sometimes exactly 
compensatory, but it is more often somewhat shorter. The premature electric 
response is essentially normal but the R wave is broadened, probably due to 
slow conduction. 

The refractory phase of the muscle is long as shown by the fact that a pre- 
mature response could not be obtained less than three seconds after the end of the 
T wave, usually only after five to six seconds. The velocity of conduction of 
this contraction is 1.5 to 3 mm. per second, the slower the earlier in the cycle tllt^ 



Fig. 4. Premature peristaltic waves in the dog’s stomach caused by single shocks orad 
to the leads. Moment of shock indicated by shock artifact. The pause following the 
response is compensatory in A, too short to compensate in B. Recorded by mechanical 
recorder. Time in seconds. 



Fig. 5. Effect of intravenous injection of adrenaline on the dog’s stomach; 10 gamma per 
kgm. were injected at the time marked by arrows. In A third complex without T wwo, then 
gradual increase in R-T interval. In B, obtained from a dog less sensitive to adrenaline, 
the first interval after completion of injection is prolonged, possibly due to slow conduction. 
Later the intervals are shortened while R-T interval gradually returns to normal. Re- 
corded by mechanical recorder. Time in seconds. 

response occurs. In calculating the velocity it has been assumed that the 
latency of the electric response is negligible, in agreement with experiences on 
other visceral smooth muscles (6). 

In most dogs only very large intravenous injections of adrenaline (0.02 mgm. 
per kgm.) cause a temporary cessation or slowing of the electric activity of the 
stomach. Moderate to large amounts of adrenaline actually cause a sma.11 
increase in the frequency of discharge (fig. 5). At the same time, the R-T inter- 
val is reduced, indicating a decrease in the duration of the active phase of each 
contraction. This effect is similar to that of acetylcholine on auricular muscle. 

It is remarkable that adrenaline does not reduce significantly the height of the ' 
potentials although it stops all visible movements, a fact also noted by Alvarez 
(2). It can be stated generally that the height of the potentials is not closely 
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related to the strength of the contraction as observed visually. The discharge 
of conducted potentials is as regular as the heart beat for periods of hours and 
probably is interrupted rarely, if ever, under normal conditions, while the strength 
of contraction shows marked fluctuations. It would not be justified, however, 
to conclude that electric and mechanical activity can occur independently. In 
experiments on intestinal muscle, where similar observations were made, electric 
and mechanical changes were recorded simultaneously and it was found that 
every potential was accompanied by a contraction, however weak (6). These 
observations support the view of Alvarez that peristaltic waves normally origi- 
, '*^te at a pacemaker in the upper part of the stomach, probably the cardia, even 
if the waves become readily visible only in the lower portions of the organ. 

In the cat the action potentials are like those of the dog as long as the motility 
of the stomach is very weak. If movements are so strong that they can be easily 
seen, there are, in addition to the R and T waves, also brief spike potentials which 
are discharged with great regularity (fig. 6). The number and frequency of 
these spikes increases with the strength of the contraction. Adrenaline in 
moderate concentrations stops the spike potentials and shortens the R-T inter- 
val. Larger amounts of adrenaline, sufficient to cause a marked rise in blood 
pressure temporarily cause a complete cessation of all electric activity. 

A regular discharge of spikes is recorded only with small electrodes and only 
if the leads are arranged exactly in the direction of conduction. The irregularities 
which otherwise are noted can be expected on the assumption that adjacent 
strands of smooth muscle do not become activated exactly at the same time, 
perhaps due to slight differences in the velocity of conduction. 

In the guinea pig a peculiar difference ^vas noted between the potentials of the 
pyloric region and other parts of the stomach. In the former, the potentials 
are similar to those of the cat. The R wave is rather broad but the T wave 
usually cannot be clearly distinguished because of some irregularities in the graph 
(fig. 7). In the middle portion of the stomach, on the other hand, the discharge 
apparently consists only of brief spikes. 

The graphs obtained from the guinea pig generally are more irregular than in 
the other species studied. This is at least partly due to the small width of the 
peristaltic wave which, as pointed out before, makes it more difficult to resolve 
the finer details of the electric changes. 

Comments. The presence of a sustained state of negativity is the most 
general feature of the potentials of the stomach and in this respect the results 
agree closely with those obtained for other visceral smooth muscles, the ureter 
and the intestine (6). In the cat, however, brief spikes are superimposed on the 
sustained potential and in the guinea pig the spikes may be the only conspicuous 
part of the potential. Similar species differences were found in the ureter and, in 
every case, the guinea pig showed the greatest predominance of spike potentials. 

The significance of the spike potentials is unknown. For the ureter of the 
dog, cat and rat it has been shown that either a potential with a smooth plateau 
or with a regular repetitive discharge of spikes can be obtained depending on the 
composition of the Ringer ^s solution used (6), while at the same time the mechan- 



698 


EMIL BOZLER 


ical responses are essentially the same. It appears, therefore, that the various 
types of potentials, however different they may be, are physiologically equivalent. 
This is not surprising if we assume that the energy release of muscle continues 
during the whole period of negativity. Physiologically, then, it is not very sig- 
nificant whether the potential change is a rapid series of brief spikes, as in a true 
tetanus, or a prolonged period of negativity as commonly found in visceral 
muscles. In as much as the active phase of the contraction is prolonged, the 
responses of visceral muscles, as previously suggested, may be considered funda- 
mentally as tetanic contractions even if spikes are absent. 

Fig. 6. Potentials from the stomach of the cat. A and B: differential potentials asso- 
ciated with one peristaltic wave of moderate strength. C: after intravenous injection of 
adrenaline (3 gamma per kgm.). Time in seconds. 




Fig. 7. Potentials from the guinea pig’s stomach. A and B from pyloric region. C and 
D from middle portion of organ. C: single strong contraction. I): weak contractions. 
Time in seconds. 


On the basis of these findings the concept of the impulse is not readily 
applicable to smooth muscle if the action potential is used as the chief criterion. 
The term is useful in describing the activity of cardiac muscle and of nerve fibers. 
It is an all-or-none response which makes up all the conducted I’esponses of 
these tissues and is characterized by an action potential which is either a brief 
spike or, as in cardiac muscle, a period of sustained negativity. In visceral 
smooth muscle, on the other hand, an all-or-none response to a single threshold 
stimulus, even in the same muscle, may show either a single spike, a series of 
spikes, a plateau, or a combination of these elements. 

The similarity of the action potentials of the stomach and of other visceral 
muscles with those of the heart suggests that the mechanism of conduction is 
fundamentally the same in all of these muscles and this conclusion is supported 
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by numerous other considerations. A nervous structure which might have the 
function of conduction in smooth muscle has not been demonstrated histologically 
(8). More important, observations on isolated muscle cannot be reconciled with ■ 
the assumption of neiwous conduction (3). Themost direct studies on the question 
of conduction are those on the effect of an electric current on visceral muscles. 
They show that no electric polarization develops at the boundaries of the muscle 
fibers. Consequently no barrier is present for the conduction of impulses from 
cell to cell or, in other words, the muscles behave like syncytia. 

has been pointed out previously (5), also the injury potentials and action 
potentials of visceral muscles can be explained only on the assumption that these 
muscles are syncytia. For instance, if smooth muscle consisted of independent 
fibers, like skeletal muscle, a wave of contraction, whatever the mechanism of 
conduction, could not produce a monophasic potential if one lead is on an inactive 
portion of a muscle. As seen histologically, the fibers of smooth muscle are over- 
lapping and exceedingly short. Even the smallest electrode used leads off from 
thousands of fibers. The inactive fibers in the injured region would merely act 
as an extension of the lead and the activity of each remaining active fiber between 
and under the leads would be recorded as a diphasic potential. It is difficult- 
to see how by the summation of numerous asynchronous diphasic potentials a 
state of negativity could be maintained for several seconds at one lead. The 
correctness of this argument is well demonstrated by Adrian (1) in experiments 
on certain skeletal muscles in which the fibers, although many times larger, have 
an overlapping arrangement like that of smooth muscle. 

A similar consideration applies also to the diphasic potential. If both leads 
are on active tissue each unit between the leads produces a diphasic potential. 
Since, during conduction, the units will be activated successively a pol 3 nphasic 
electric response should be recorded if a small munber of units is present. In a 
system with units as small as smooth muscle fibers the diphasic potentials, being 
asynchronous, would almost completely cancel out. Actually the potential 
produced by the stomach of the dog or cat usually is as high as 5 millivolts if the 
leads are one millimeter apart, as large or larger than those of the turtle heart 
under the same conditions. 


SUMMAET 

The potentials of the dog, cat and guinea pig stomach were recorded by means 
of non-polarizable differential electrodes. The approximate shape of the mono- 
phasic potential can be derived mathematically from the records obtained. 

In the dog, the differential potential associated with each peristaltic contraction 
shows three main waves which are designated as R, S and T waves. The shape 
of the potential is identical with that of some other visceral muscles and of 
cardiac muscle but the complex lasts for five to eight seconds. During the 
intervals between each complex there is a period, lasting about eight seconds, 
of complete rest. The monophasic potential derived from the differential curves 
shows a sustained negativity lasting for several seconds. 
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A single shock applied a few seconds after a T wave produces a premature 
peristaltic wave. It is followed by a prolonged pause which is often compensa- 
tory. 

Adrenaline shortens the R-T interval but it stops electric activity only in 
very high doses. 

In the cat the same potential as in the dog is obtained as long as the con- 
tractions of the stomach are weak. During moderate and strong peristalsis, 
brief spikes are superimposed on the slow phases. In the guinea pig a slow 
potential can be observed only in the region of the pylorus, whereas in the middle 
portion of the stomach the discharge consists only of brief spikes. These aif- 
ferences between species are similar to those previously found in other visceral 
muscles. 

It is sho\vn that the potentials observed in visceral smooth muscles cannot 
be explained on the assumption that the muscle fibers are independent units. 
The results are in agreement with the conclusion derived from other obseivations 
that conduction is due to a syncytial arrangement of the muscle fibers. 
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Prsvious studies have demonstrated that under certain experimental condi- 
tions there is a relationship between the- potential difference across the stomach 
wall and the secretion of HCl (6, 7). It was found that histamine stimulation 
i-esulted in a decrease in the magnitude of the potential. The potential of the 
resting stomach was in the majority of the experiments between 70 and 80 milli- 
volts and after histamine stimulation it decreased to approximately 40 millivolts. 
Certain agents were found to decrease the potential (6, 7) of the resting stomach 
■without stimulating the stomach to secrete HCl. Histamine administration 
during the period in which the potential of the resting stomach was depressed was 
followed by relatively little decrease in the potential and a normal secretory re- 
sponse. The level of the potential of the secreting stomach, however, was the 
same (around 40 millivolts) irrespective of the level of the potential before hista- 
mine stimulation. These same agents were found at times to decrease the poten- 
tial of the secreting stomach and this decrease was associated with a concomitant 
fall in the secretoiy rate. 

Several investigator (1, 2) have reported that the administration of thiocya- 
nate depresses the ability of the stomach to secrete HCl. In an attempt to 
elucidate further the relationship be'£ween the gastric potential and the secretion 
of HCl the follo'wing studies were made on the effect of thiocyanate on the gastric 
potential and secretion. A preliminary report of these investigations appeared 
elsewhere (4). 

Methods. The technique for measuring gastric secretion and potential, 
described in a previous paper (6), was employed. With this technique a portion 
of the stomach along the greater curvature is placed between a ring of Incite and a 
Incite chamber. The ring of Incite has an oblique cut in it so that the blood ves- 
wfls could be slipped inside it, thereby insuring an intact blood supply to the 
portion of the stomach in the chamber. The mucosal side of the stomach was 
oriented toward the chamber and the chamber was filled with normal saline. 
The secretory rate was determined every ten minutes by draining and flushing 
the chamber with saline. The pH and titratable acidity were determined on each 
sample in most of the experiments. In some experiments only the pH was 
measured. A non-polarizable electrode made contact with the fluid in the 
chamber and another similar electrode was placed in contact -with the serosa. 
The potential difference was measured with a potentiometer. 

Dogs were used in these experiments and in the majority of experiments per- 
noston (80 mgm. per kgm. subcutaneously) w'as used as the anesthetic agent. 

Now at Michael Reese Hospital, Chicago, 111. 
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In a few experiments sodium amytal was used (90 mgm. per kgm. subcutane- 
ously). The results with the two anesthetics were essentially the same. Blood 
pressure was recorded in the usual way with a U manometer. 

Results. Effect of thiocyanate on •potential and secretion in the secreting stom- 
ach, In a total of nine dogs histamine (0.02 to 0.1 mgm. per kgm. of the diphos- 
phate) was injected subcutaneously at regular intervals and after secretion was 
established sodium thiocyanate was injected intravenously. Figure 1 represents 
a typical experiment in which the thiocyanate was administered in divided doses. 
The first histamine injection was made at the time indicated by the arrow marked 
H, and repeated at ten minute interval^ for the duration of the experiment., "At 
the times indicated by the arrows labeled T the indicated amounts of sodium 



Fig. 1. Effect of thiocyanate on secretion and potential of stomach stimulated with 
histamine. At arrow marked H, 1 mgm. histamine diphosphate was injected subcutane- 
ously. At ten minute intervals after the first injection 0.5 mgm. of histamine diphosphate 
was administered for the duration of the experiment. Arrows labeled T indicate times 
at which sodium thiocyanate was injected intravenously. The amounts in grams arc 
given in the figure. The solid dots represent the potential difference across the stomach 
wall in millivolts. The straight lines (obtained from titration data) and the dash-dot lines 
(obtained from pH data) represent the rate of secretion of HCl in milligrams per ton 
minute periods. Weight of dog, 17.0 kgm. Sodium amytal anestheHia. 

thiocyanate were injected intravenously. It can be seen that, aft^er the injection 
of a total of 4.1 grams of thiocyanate (after th(3 sixth injection), the potential 
showed a marked increase and reached a level of approximately the same magni- 
tude as that of the resting stomach. It can also be seen that the secretory rate 
showed a steady decrease reaching a value of approximately 20 per cent of its 
value previous to the first injection of thiocyanate before the potential started its 
upward climb. This decrease in secretory rate, before the increase in potential, 
was found in those experiments in which the thiocyanate was administered in the 
above manner. 

On the other hand, as can be seen in figure 2A, the administration of a relatively 
large amount of thiocyanate on the first injection was followed by an immediate* 
increase in the potential and a drop in the se<*retoiy rate during the following ten 
minute period to a very low value. 
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In some experiments, as illustrated in figure 2B, a single injection of thiocya- 
nate may produce a temporary increase in the potential. After the return of the 
potential to its pre-injection value it can be seen that the secretory rate does not 
return to its pre-injection level but remains at a very low level. 

In the above experiments the average level of the potential before histamine 
stimulation was 75 mv. (S.E. ±1.7 mv.). After the potential had reached a 
relatively constant value following histamine stimulation it was 39 mv. (S.E. 
±1.1 mv.). The average level following the increase in the potential resulting 
from thiocyanate injection was 73 mv. (S.E. ±2.1 mv.). 

After the increase of the potential to the level of the non-secreting stomach 
following thiocyanate injection an increase in the amount of histamine may result 
in the reinitiation of secretion which again is accompanied by a lowering of the 
potential. 



stomach. Weight of dog in A, 16.3 kgm.; that in B, 18.4 kgm. 

C. Eifect of thiocyanate on potential of resting stomach. Weight of dog 17.7 kgm. The 
potential one hour after the last reading shown in the figure was 79 mv. 

A, B and C. Conventions same as in figure 1 . Ordinates on left apply to all three parts 
of figure. Abscissae represent time in minutes. Pernoston anesthesia in all three dogs. 

In control experiments it was found that the secretory rate could be main- 
tained for long periods of time with the doses of histamine employed in the above 
experiments. The level of the potential remained remarkably constant until the 
death of the animal, following which the secretion of IICl ceased and the potential 
dropped to approximately zero. 

Effect of thiocyanate on the 'potential of the non-secreting stomach. ' It is possible 
that the increase in the potential following thiocyanate injection is not dependent 
on the secretory state of the stomach and that the administration of this sub- 
stance to the non-secreting stomach would result in an increase in the potential. 
Four experiments were performed in which thiocyanate was administered to the 
non-secreting stomach in amounts larger than those required to produce an in- 
crease in the potential of the secreting stomach. Figure 2C represents a typical 
experiment, and it can be seen that thiocyanate does not produce a definite 
(change in the potential of the non-secreting stomach. Continued administration 
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of large quantities of thiocyanate eventually resulted in the death of the animal, 
which was accompanied by a fall of the potential to a value very close to zero. 

Effect of thiocyanate on hhod pressure. In preliminary experiments it was found 
that rapid injection of the larger doses of thiocyanate often resulted in a marked 
decrease in pulse rate which was associated with a marked fall in blood pressure. 
Under these conditions there was a decrease in the potential in both the secreting 
and non-secreting stomach. The decrease in the potential of the secreting stom- 
ach was associated with a decrease in secretory rate. • In the experiments reported 
above the thiocyanate was injected over a period of approximately one to three 
minutes depending on the dose. At this rate of injection and with the doses 
employed the marked cardiac inhibition was absent, and, apart from an occa- 
sional small temporary decrease in blood pressure, the thiocyanate had either no 
effect or caused a rise in blood pressure. The blood pressure showed an increase 
in some experiments of over 50 per cent and gradually returned toward its pre- 
vious level over a period of ten or more minutes. Injection of thiocyanate at 
ten minute intervals, or a single injection of a large dose, was accompanied usually 
by a sustained increase in blood' pressure for over an hour or more. These 
results on the effect of thiocyanate. on blood pressure in acute experiments an' 
quite similar to those reported by Nichols (3). 

Discussion . The above experiments present further evidence that a relation- 
ship exists between the secretion of HCl and the gastric potential. It has been 
pointed out before (6) and also illustrated in figure 1 of this paper that, imder the 
above described experimental conditions, the potential after histamine stimula- 
tion reaches a relatively constant level while the secretory rate may continue to 
increase for some time. It is interesting to note in this connection that thiocya- 
nate may produce a marked fall in secretory rate before the potential shows a 
definite increase. The secretory rate may therefore show wide changes, either 
an increase or a decrease, while the potential of the secreting stomach as meas- 
ured by the present technique shows relatively little change. However, it should 
be pointed out that the potential difference measured with the present method is 
undoubtedly influenced by the diffusion potential originating at the junction 
between the gastric juice and the saline in the chamber. For a study of the rela- 
tionship between the magnitude of the gastric potential minus thi.s diffusion 
potential and the secretory rate a previous paper should be consulted (6). On 
the basis of the present experiments and those reported before (6, 7) it appears 
that once the secretory rate has reached a relatively constant value either a 
marked increase or decrease of the potential is associated with a marked decrease 
in secretory rate. 

In a series of experiments (5-7) including those presented in this paper an at- 
tempt is being made to find out whether electrical energy furnishes the energy 
necessary for the production of HCl by the stomach. One avenue of approach 
to this problem is the study of the relationship between the gastric potential and 
the rate of secretion of HCl. It would obviously be much more desirable to be 
able to study the relationship between the rate of electrical energy production 
and the rate of HCl production. However, it has not been possible as yet to 
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determine the electrical energy output of the stomach apart from the minimum 
amount occurring when the potential is shunted through an external conductor 

(5). Assuming the presence of shunts across the electromotive fofces of the 
stomach, the potential difference across the stomach wall would be a function of 
both the magnitudes of the electromotive forces and the resistance of the various 
parts of the electrical circuit of the stomach. A decrease in the potential might 
be associated with an increase in the electrical energy production and vice versa. 
It is also possible that the electrical energy production could increase or decrease 
■jyithout a change in the potential (the electromotive force and resistance changing 
in opposite directions). It should be kept in mind, therefore, that the potential 
difference is not a measure of electrical energy output any more than mean arterial 
pressure is a measure of cardiac output. 

SUMMARY 

Intravenous administration of sodium thiocyanate in appropriate amounts 
results in complete inhibition of the secretion of HCl by the stomach and an 
increase of the potential difference across the stomach to the resting level. Ad- 
ministration of thiocyanate in smaller amounts results in an inhibition of the 
secretory rate before the . potential increases. Thiocyanate in comparable 
amounts has no demonstrable effect on the potential of the resting stomach. The 
relation between these findings and previous ones is discussed. 
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Hess (1) has described a seiies of observations going to d)ow that blood flow 
in the aortae of various mammals is streamlined (viscous, laminar) in nature. 
Using a stethoscope applied over the artery at various points, he was unable to 
hear murmurs, which he interpreted to mean that no turbulence was present. 
In a later expeiiment he forced a viscous solution colored with methylene blue 
into the aorta by way of the carotid artery, and observed blue filaments, distinct 
from the rest of the Hood as it emerged from the cut femoral artery, again 
indicating streamline flow. 

Hahn, Donald and Grier (2) have brought forward strong eyidence for stream- 
line flow in the portal vein of the dog. They injected radipactive phosphorus 
into the splenic and mesenteric veins, and found that the phosphorus was 
differentially concentrated in the left and right side of the liver, depending upon 
the vein injected. This was not the case when the injection was made into the 
jugular vein. ■ ' • 

Method. We have modified Hess’ experimental technique by inserting a 
thin-walled glass tube, 2.6 cm. long and 0.2 cm. internal diameter, into the 
arteries of heparinized dogs and cats. The tube was brightly illuminated from 
both sides, and observed through a dissecting microscope. India ink was then 
gently introduced into the left ventricle of the heart or in.to the descending 
thoracic aorta throu^ a no. 27 needle, oriented in the direction of the movement 
of blood. This technique is essentially that used by the British engineer 
Reynolds (3) in his classical researches on laminar and turbulent flow. 

Results and discussion. When ink is introduced as described into the left 
ventricle or into the aorta, over a period of several cardiac cycles, well-defined 
streamline filaments of ink may be seen in the glass tube inserted into the lower 
abdominal aorta or into the femoral artery. This suggests that the flow of 
blood is streamlined not merely in the arteries, but also at the aortic orifice. 
We say “suggests” because, to be perfectly rigorous, one would need to visualize 
the flow pattern at every point along the path of blood flow. To satisfy our- 
selves on this point we have performed experiments with a simple glass model 
carrying water. The system included a segment so constructed that it produced 
marked turbulence, whereas the flow above and below the segment was stream- 
lined. When ink was introduced into the system at a point well above the 
region of turbulence, the ink was observed to form a new streamline pattern at a 
distance below the point of turbulence equal to about 50 times the tube diameter. 

‘ Present Address: College of Physicians and Sui^eons, San Francisco, 3, Calif. 
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This pattern consisted of a very broad band having a parabolic front. Con- 
ceivably, such a band might assume the appearance of a sharp filament at a much 
greater distance from the point of turbulence. Consideration of the concentra- 
tion of ink necessary to produce such well defined filaments as we have observed 
in the arteries, however, makes it very unlikely that turbulence had occurred at 
the aortic orifice or in the aorta. Our experiments, taken in conjunction with 
the failure of Hess to hear murmurs at any part of the aorta, indicate beyond 
reasonable doubt the streamline nature of the blood flow both at the aortic 
orifice and in the arteries studied. 

We have made a few observations of the blood flow in the femoral vein and 
inferior vena cava of the cat which show the streamline nature of the flow in these 
vessels. If these veins, which are fairly transparent, are compressed to a suitable 
degree while they are being observed imder a good light, the blood may be 
observed to be thrown into violent eddies, characteristic of turbulent flow, 
central to the point of compression. Upon release of the vessel, all signs of 
eddies promptly disappear, and momentary streamline filaments of blood may be 
seen. Such observations support the findings of Hahn et al., mentioned above. 

Admitting the viscous nature of the blood flow at the aortic orifice and in the 
great arteries and veins, it follows that the customary evaluation of the kinetic 
energy term in the formula for the work of the heart, and of the kinetic energy of 
blood flow in the vessels, requires revision. The following mathematical analysis 
is adapted from Bingham (4) and Vennard (5). 

Consider a tube of radius R and length L through which a fluid of viscosity n is 
flowing under an effective pressure P. Let the radius of a small hollow cylinder 
coaxial with the tube be r. We may then relate the velocity of the fluid t; to r as 

dv 

follows: the tangential force due to the viscous resistance is equal to 2irrLn -y, 

or 

and for steady flow this is equal to the driving force, —vr^P. Solving for dtt, 
we get: 



r dr, 


which yields on integration, 


Pr* 



This is the equation of a parabola, and constitutes the theoretical basis for the 
statement that the velocity profile of a fluid in viscous flow is a parabola. The 
parabolic nature of the flow pattern is clearly visible experimentally. 
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The kinetic energy of the fluid passing any cross-section of the tube per vnil 
time is; 


K.E. = / ^•2nrdrvpv^ = / irpf* 
Jo Jo 


where p is the density of the fluid. 

Substituting the value of v from equation (1) we get: 

K.E. = r (le - r*)V dr = 

64L®n? Jo 512L»»® 


64L®»» Jo 
= irpJB* 

From Poiseuille’s Law: 


/^Y 

\8nL)’ 


2 = 


8nL 


we get: 


tP® 8»L 


( 2 ) 


( 3 ) 


where / is the mean velocity and g is the volume flow per unit time. 

Hence we can write equation (2) as: 

K.E. = irpI^P (4) 

Turning now to Bernoulli’s theorem for the flow of an ideal fluid, which holds, 
practically, for turbulent flow, 

PV + + mgh = constant, 

where V is volume, m is mass, g is the acceleration due to gravity, and h is the 
height of the fluid above a given datum plane. The term mgh is the “energy of 
position,” and wUl be omitted from later equations. The kinetic energy per unit 
time may be written: 

K.E. = ItcB^pI-P = iirpR^P (5) 

I may be substituted for v because the velocity profile is a straight line, aiid this 
is also nearly true for turbulent flow. 

Comparing equations (4) and (5), we see that the kinetic energy term in 
viscous flow is twice as great as that in ideal flow. Another way of saying this 
is to write Bernoulli’s theorem: 


PV -h a-^P = constant. 

The value of a depends upon the nature of the flow, being 2 for viscous flow, 
and 1 for ideal flow. In turbulent flow, a has a vajue close to unity, 1.05 being 
frequently used by hydraulic engineers. 
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Turning now to the work of the heart, we wish to emphasize that earlier 
formulae implicitly assume an ideal type of flow. Thus Evans (6) writes the K.E. 
term ^mP, while Katz (7) uses the more refined integral expression J'^P dm. 
(We are working with absolute units, hence the omission from these formulae 
of the acceleration due to gravity, g.) For viscous flow, however, the factor | 
should be omitted. Thus the usual approximate formula for the work of the 
heart should be written: 

Work of left ventricle = PV + mP, 

where P is the mean aortic pressure, V is the stroke volume, m is the mass of 
blood ejected, equal to pV, and I is the mean velocity, equal to the rate of 
volmne flow divided by the cross-sectional area of the aortic orifice. 

Similarly, the kinetic energy is written mP wherever the flow is streamlined. 

So far as the work of the heart and the kinetic energy of flow in the arteries are 
concerned, the value of the kinetic energy term is still small compared with the 
pressure term, so long as relatively low velocities of flow occur. Thus, taking 
approximate values of P, V, m and I for the human left ventricle under resting 
conditions, the kinetic energy term turns out to be of the order of magnitude of 
1.8 X 10® ergs (183 grams-cm.) per stroke, while the pressure term is of the order 
of magnitude of 8 X 10® ergs (8,200 grams-cm.) per stroke. Katz (ibid) working 
with the isolated ventricle of the turtle, in one case obtained a value for the 
kinetic energy of 359.5 grams-cm., which seems impossibly high, even though the 
very approximate nature of the simple formula we have used above is admitted. 
We are of the opinion that some of the findings of Katz concerning the relative 
r61os played by velocity energy and pressure energy in the work of the heart 
are open to very serious doubt, or else that the turtle ventricle is grossly different 
in its mechanical behavior from the mammalian ventricle. 

It should be noticed that the classical formula should be used when the flow 
is known to be turbulent, as perhaps may occur in arduous muscular exercise, 
anemia, and various cardiovascular states characterized by the presence of 
murmurs. 


SXJMMAKY 

1. Blood flow in the .aorta and femoral artery of the cat and the femoral 
artery of the dog has been studied by inserting S short glass tube into the arteries 
and observing the flow pattern of injected India ink. 

2. The streamlined nature of the flow is evident when the ink is injected as 
described either into the left ventricle or into the aorta. 

3. Some obserwations on blood flow in the femoral vein and inferior vena cava 
of the cat are described, showing the streamlined nature of the flow in those 
vessels. 

4. Mathematical analysis shows that the kinetic energy term in streamlined 
flow is twice that in ideal flow. The formulae for the work of the heart and the 
kinetic energy of blood flow wherever the flow is streamlined are accordingly 
modified. 
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The presence of a histamine-like substance in the nasal secretions of allergic 
•sihiiStis was investigated by Buhrmester and Wenner (1) in 1936. Some extracts 
which they obtained produced a fall in blood pressure when injected into the 
anesthetized, atropinized male eat; they concluded, however, that the small 
amoimt of depressor activity obtained was probably due to proteoses which had 
formed in their extracts during hydrolysis. No evidence of the presence of his- 
taminase could be found in nasal secretions. 

In this paper, the total amovmt of histamine extractable from nasal secretions 
by the method herein outlined has been investigated. Secretions obtained both 
from cases of allergic rhinitis and “common cold” were studied. A histamine- 
like substance, the total concentration of which varied widely, was detected in 
most samples of both types of nasal secretion; time did not permit a further in- 
vestigation as to the factors influencing the wide variations in total histamine 
content. 

Methods. Collection- and extraction of samples. The method of obtaining an 
extract of “histamine” from nasal secretions, suitable for assay on strips of guinea- 
pig ileum, was based on procedures used m extracting histamine from blood by 
Barsoum and Gaddum (2), Code (3), Anrep, Barsoum, Talaat and Wieninger (4), 
Emmelin, Kahlson and "Wicksell (5) and Kwiatkowski (6). Nasal secretion was 
collected by aspiration or by means of cellophane sheets, into which the patients 
were instructed to blow their nose. The secretions were immediately transferred 
with a syringe into a weighed centrifuge tube containing 1 cc. of 10 per cent tri- 
chloracetic acid. The weight of nasal secretion obtained was determined by dif- 
ference ; usually at least one gram of secretion was collected from each patient. If 
a greater amount was secured, 10 per cent trichloracetic acid was added to make 
its total volume roughly equal to that of the nasal secretion. A histoiy of each 
patient was always taken; when possible, a smear of the nasal secretions was made 
in order to estimate the eosinophile content. 

After standing overnight in the refrigerator, the sample was centrifuged and 
the supernatant liquid transferred by means of a syringe and needle to a micro- 
funnel fitted with a hardened filter paper. Both centrifugmg and filtration were 
necessary to facilitate complete removal of the trichloracetic acid precipitate. 
Three 1 cc. portions of 10 per cent trichloracetic acid were used to wash the pre- 

* Aid#d by a grant from the Christine Breon Fund, University of California Medical 
School. 

* This report covers one phase of joint studies on the physiologic mechanisms concerned 
with the etiology of the common cold. 
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cipitate. To the combined filtrates aii equal volmne of concentrated HCl was 
added and the mixture refluxed for 90 minutes. It was evaporated almost to 
dryness at about SO^C. by means of a stream of nitrogen. Four 10 cc. portions of 
absolute alcohol were added and in turn similarly evaporated from the sample, 
which was finally completely dried. The residue was extracted four times with 
(2 + 1 + 1 + 1) cc. of absolute alcohol previously saturated with NaCl. The 
combined alcoholic filtrates were evaporated to dryness at 40° to 50°C. and stored 
in a refrigerator for assay on a strip of guinea-pig ileum. These dried alcoholic 
extracts were taken up in Tyrode’s solution (usually 1 cc.) on the day of assay. 

N . 

The pH was adjusted with — NaOH and phenol red indicator. Blank determi- 

o 

nations, made by dissolving the residue from 5 cc. of the absolute alcohol satu- 
rated with NaCl in 1 cc. of Tyrode’s solution produced no effect on guinea-pig 
ileum. ' 

Assay on guinea-pig Ueum. A very sensitive method of assay was needed, 
since it was anticipated that it would be difficult to obtain large samples of nasal 
secretions and that the quantity of histamine present might not be great. The 
technic described by Kwiatkowski (6), which is based on the principles used by 
Gaddum, Jang and Kwiatkowski (7) for the detection of small amounts of sympa- 
thin, was adopted and used to obtain all the results shown in table 1. In this 
method, an arrangement is set up instead of the usual bath whereby the Tyrode’s 
solution drops at a constant rate from a capillary tube onto the strip of guinea-pig 
ileum suspended in a small, moist chamber. A dose of 0.1 cc. of the solution to 
be tested is injected into an arm of the capillary tube and subsequently falls un- 
diluted onto the muscle strip. It was felt that the results obtained in this manner 
were satisfactory; however, a few deternoinations (table 2) were carried out in a 
conventional bath of oxygenated Tyrode’s solution, in which the strip of ileum 
was immersed. 

Tyxode’s solution was made up according to Bum (8), except that the concen- 
tration of CaCla was halved (6); atropine sulfate was added as indicated in the 
tables. A constant temperature of 36°C. was maintained in all assays. 

Caleulaiions. Whenever possible, the biological assay was conducted accorei- 
ing to the design set forth by SchUd (9), and the results statistically analyzed as 
outlined by this author. However, since the quantity of unknown solution was 
definitely limited, the results obtained were sometimes not suitable for statistical 
analysis; in such cases a fair approximation could be made. 

Results. In table 1 the results obtained by the perfused strip technic of 
Kwiatkowski (6) are outlined. The first ei^t determinations listed were done 
on nasal secretions obtained from patients having a “common cold.” The next 
nine determinations were made on nasal secretions produced by an allergic con- 
dition. In each group wide variations in histamine-like activity were observed; 
the range of variation was essentially the (same in both groups with the exception 
of TJ32, which was a very purulent sample. U16 and U20 were samples taken 
from the same patient. There appears to be no striking difl'erence in total hista- 
mine-like activity between secretions of “common cold” and those of allergic 
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origin. A comparison of the activity of Ull with U12 is interesting, however; 
these samples were taken from the same patient on the same day. A typical 


TABLE 1 


Extracts 0 / nasal secretion assayed for histamine-like activity by perfusion of guinea-pig 

ileum in vitro 


SAMPLE 


s 

1. U1 Common cold 

2. U2 Common cold 

3. U7 Common cold 

4. U8 Common cold 

5. Ull Common cold . . , 

6. U22 Common cold 

7. U23 Common cold 

8. U32 Common cold 

9. U12§ Common cold plus allergic 

rhinitis 

10. U13 Allergic rhinitis 

11. U14 Hay fever 

12. U15 Hay fever 

13. U16 Hay fever . , 

14. U17 Hay fever 

15. U20 Hay fever . ... 

16. U18 Allergic rhinitis\ 

U19 Hay fever / 

17. U24 Common cold plus allergic 

rhinitis 

18. U25 Allergic rhinitis 8.72 
U26 Common cold 2.35^ 

U27 Common cold 1.29 
U28 Common cold 1.50 


NASAL 

SECRE- 

TION 

OBTAINED 

EOSINO- 

PHILE 

CONTENT 

1 

ESTIMATED HISTAMINE-LIKE | 

ACTIVITY (as HISTAMINE j 

diphosphate) 

LIMITS OF 
ERROR* OF 
ESTIMATE 

gram 


lig./gm 

tigjgm. 

1.01 


>0.1 


0.48 


>0.1 


0.70 

3+ 

0.09 

0.07-0.12 

0.80 

1+ 

0.21 

0.15-0.28 

0.45 


0.10 (maximum) 


3.14 


0.046 

0.030-0.069 

3.30 


Not detectable t 


1.50 


1.6t 

0. 8-2.0 

1.40 

4+ 

0.18 

0.14-0.23 

1.84 


0.03 


0.38 


Present (<0.07) 


0.99 

2+ 

0.028 

0.014-0.056 

0.82 

3+ 

0.064 

0.047-0.086 

2.35 

2+ 

0.0091 

0.007-0.012 

2.02 

1+ 

0.059 

0.035-0.10 

2.33 


0.24 

0.16-0.38 

2.71 

1+ 

Present ( <0.04) If 


13.86 


0.018** 

0.012-0.026 


* P. 0.99 limits of error. Where limits of error are not given, data were insufficient for 
statistical analysis according to Schild (9) and the estimated activity can be regarded only 
as an approximation. 

1 0.06 Atg./cc. was the limit of sensitivity in this assay. Atropine sulfate, 500 /zg./liter, 
used in Ty rodeos solution. 

t Atropine sulfate 500 ^g-Zliter. Purulent nasal secretion. Amount of precipitate ob- 
tained with trichloracetic acid was very large. 

§ Sample taken from same patient and on same day as Ull, after exposure to rabbits and 
guinea pigs. 

H Atropine sulfate 500 jug. /liter. 

** Atropine sulfate 500 jug. /liter added to Tyrode’s solution for last half of assay; no 
significant change in responses produced by unknown relative to standard was noted. 


“common cold’’ occasioned the taking of the first sample (Ull). While this was 
being obtained, the history of the patient revealed a susceptibility to allergic 
rhinitis caused by guinea pigs and rabbits. After Ull was obtained, the patient 
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consented to visit the room where our experimental animals are kept. Within a 
few minutes he began to sneeze and the flow of nasal secretion was considerably 
increased. TJ12 was collected after the attack of allergic rhinitis was established. 
As is shown in table 1, the concentration of histamine-like activity in U12 was 
very definitely greater than in 1111. It is also interesting that the eosinophile 
content of U12 was higher than that of Ull. 

As indicated in table 1, atropine sulfate was only used in a few assays [(J23, 
U32, U24, and U(25 + 26 + 27 + 28)]. We found, in agreement with Kwiat- 
kowski (6) and Code (3), that the addition of atropine sulfate (O.l-l.O /xg./cc.) 
may reduce the response of the ileum to histamine sufficiently to cause difiicultj 
in the estimation of weak extracts. However, the activity determined in the 

TABLE 2 


JEztracts of nasal secretion assayed for histamine-like activity on guinea-pig ileum 

suspended in hath 


SAMPLE 

NASAL SECJRE- 
TION OBTAINED 

EOSINOPHILE 

CONTENT 

ESTIMATED HISTAMINE-LIKE 
ACTIVITY (as HISTAMINE DI- 
PHOSPHATE) 


1 

grams 


iig-/cc. 

1. U30 ^'Common cold*\ 


5.5 


0.28-0.55 

2. U31 Same patient as U30, one day 




later 


7.0 


0.20 

3. U35 Hay fever . . . 

4. U36 Same patient as 

U35. Hay 

2.7 

2-j- 

Not detectable (<0.55)* 

fever, one week later. . . 

2.7 

2+ 

Present (<0.20)t 

5. U33 Common cold 3.2 





U37 Hay fever 4.3 


12.8 

3+ 

0.4t 

U38 Hay fever 2.3 

U39 Common cold 3.oJ 


3+ 




* 0.55 Atg./cc. of secretion was the limit of sensitivity in this assay. Atropine sulfate, 
100 jug./liter, used in Tyrode’s solution. 

t Atropine sulfate, 100 /xg. /liter, used in Tyrode’s solution. 

t Atropine sulfate, 100 jug./litcr, had been in muscle bath for 5 minutes, lifter which mus- 
cle strip was washed just previous to assay. See fig\ire 1 . 

assays already indicated in table 1 as well as in U35, U36 and possibly U(33 + 37 
+ 38 + 39) of table 2, was atropine resistant. In the determination of U(25 + 
26 + 27 + 28), atropine sulfate was added to the Tyrode^s solution during the 
last half of the assay; no significant change in the responses produced by the un- 
known relative to the histamine standard was observed. It would seem that at 
least a large part of the smooth muscle-stimulating activity present in our extracts 
was atropine resistant. 

The statistical calculations carried out according to Schild (9) always gave a 
highly significant F value for regression between the smaller and larger dose of 
standard and unknown. The deviations from parallelism (9) between standard 
and unknown were always insignificant; therefore, the active substance in the 
extracts of nasal secretion appeared to have a dose-response curve similar to that 
of histamine. 

The extracts of samples listed in table 2 were assayed by means of a strip of 
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guinea-pig ileum immersed in an ordinary 15 cc. bath of oxygenated Tyrode’s 
solution, instead of the perfusion method of Kwiatkowski (6) used in table 1. It 
was felt that it would be desirable thus to check the results obtained by the per- 
fusion method. The bath method is much less sensitive than the perfusion 
method. However, only one extract was actually negative (U35), and a second 



# 


VN.\v 


t 

O.lcc 

H H H H 

Fig. 1 . Comparison of U (33 -1- 37 -|- 38 -{- 39) with histamine acid phosphate on guinea-pig 
iloum suspended in a 15 cc. bath of oxygenated Tyrode’s solution. Temp. 36°C. Bath 
had contained 100 ^ug./liter atropine sulfate for 5 minutes, after which ileum was washed 
with Ty code’s solution just previous to this assay. 

M— Histamine acid phosphate, 2.76 iug./cc., (1 jug-/cc* histamine base). 

U — Extract of 12.8 cc. nasal secretion in 2 cc. final volume. 

W — Washout and rest (5 min,). 

Experiment was continuous throughout the seven doses. 


*wr. I w. + w. f w. 
0.2.CC 0.*4cc 0.8cc 



sample from the same patient did show some activity. The record of activity of 
U(33 + 37 + 38 + 39) is portrayed in figure 1. No correlation was apparent 
between the number of eosinophiles and the amount of histamine present in the 
nasal secretion. 

Comment. The possible significance of histamine in anaphylaxis and allergy 
has been adequately reviewed (10~15); however, histamine has not, to our knowl- 
edge, previously been linked with the common cold. The failure of Buhrmester 
and Wenner (1) to detect definite histamine-like activity in their extracts of 
allergic nasal secretion can be attributed to the inadequacy of their method. 
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It can not be stated with absolute certainty that the active substance in our 
extracts is histamine. Our method of extraction is based on principles used by 
others (2-5) in extracting histamine from blood for assay on atropinized guinea- 
pig ileum ; presumably the only active substance present was histamine. Inhibit- 
ing substances and a ‘^slow reacting substance” (2) were destroyed by boiling 
in HCL 

The smooth muscle-stimulating substance described by Zucker (16) as present 
in blood serum and platelets would not be present in our extracts since it is de- 
stroyed by boiling in 1 N HCL 

The histamine-like activity present in our extracts may have been original^;' 
present, at least partially, in the cells of the nasal secretions; if extracellular, it 
may have been either free or combined; Anrep et al. (17) have found that hista- 
mine is normally excreted in urine in a conjugated and inactive form from which 
the active base can be released by hydrolysis with HCl. Much more work will 
have to be done before the significance of this histamine-like activitv of nasal 
secretions can be evaluated. 


CONCLUSION 

A substance which stimulates guinea-pig ileum is present in extracts of nasal 
secretions both from “common cold” and allergic rhinitis. The method of treat- 
ing nasal secretion was designed for the extraction of histamine. 

This activity has a dose-response curve similar to that of histamine, and can 
be measured in the presence of atropine sulfate. 

The concentration of this histamine-like substance in nasal secretions varies 
widely both in the common cold and in allergic rhinitis. 

A correlation between the number of eosinophiles and histamine content in 
nasal secretions was not apparent. 
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Previous papers from this laboratory have recorded the results of calcium en- 
-^chSnents of a basal dietary (diet A, laboratory no. 16) consisting of 1 part by 
weight of dried whole milk and 5 parts ground whole wheat with table salt and 
distilled water (Sherman and Campbell, 1935; Van Duyne, Lanford, Toepfer and 
Sherman, 1941 ; Campbell, Pearson and Sherman, 1943). 

Rat families in our colony are still thriving in the 59th generation on that diet, 
yet it was found to be improved by enrichment in its calcium content up to a 
level about three times that of the original (i.e., from 0.19-0.20 to 0.61-0.64 per 
cent of calcium in the air-dry food mixture). 

The present paper records an investigation of the effect of calcium enrich- 
ments of a better balanced basal diet richer in protein, riboflavin, and vitamin A 
as well as in calcium. 

Experimental. In the experiments here reported, the basal diet (diet B, 
laboratory no. 13) consisted of 1 part dried whole milk and 2 parts ground whole 
wheat with table salt and distilled water. Its average analysis showed 16.0 per 
cent protAin, 0.34 per cent calcium, and 0.5 per cent phosphorus; with an energy 
value of 4 calories per gram. With this were compared diets 132 and 133 pre- 
pared by mixing with the above basal diet enough calcium carbonate to bring the 
calcium content of these two diets to 0.48 and 0.64 per cent, respectively, without 
significant change in the percentage of other constituents or in the energy value. 
These three diets were fed to matched lots and parallel second generation lots of 
white rats until natural death. Each lot consisted, of 3 females and 2 males, the 
sexes being reared together and allowed to breed without restriction. 

Twenty-four such breeding-lots (that is, 72 females and 48 males) were kept 
throughout life on each of these three diets, one half being animals put on the 
respective diets at weaning time, the other half being paralld lots of their off- 
spring. The first generation lots were carefully matched at the beginning, each 
set of three containing litter-mate males and females, the total body wei^ts being 
the same for each of the three parallel lots. The experimental lots of their 
offspring consisted of first or second cousins, so started on their respective diets 
that the parallel lots differed in age by not over ten days at the most. Thus any 
seasonal influence was excluded from affecting the comparison of the diets. 

Other second or third generation animals were selected for study of calcium 
storage in the body and were killed at 28, 60, 90, 180 and approximately 365 days 
of age. The results of these studies of the amounts and percentages of body 
calcium have been reported elsewhere (Lanford, Campbell and Sherman, 1941). 

The average records of the animals on these three diets (laboratory nos. 13, 

717 



718 


H. L. CAMPBELL AND H. C. SHEKMAN 


132, and 133) showed no significant differences in growih or adult size, or in the 
rate of development as indicated by the age at which females bore their first 
young, or in the average size of the young at weaning. The tabulation of these 
data is therefore omitted to save space. 

Table 1 summarizes the findings on the numbers of young reared per female, 
the duration of reproductive life, and the lengths of life of the sexes averaged 
separately. 

As none of the differences found (table 1) is more than three times its probable 
error, and the numbers of experimental animals were fairly large, it may be con- 
cluded that, with the favorable basal diet here used, the animals receiving froHT" 
0.34 to 0.64 per cent of calcium in their air-dry food were being maintained on a 
level which under entirely favorable experimental conditipns Would appear to be 
a “plateau of optimal nutritional intake.” In this connection it is of interest 
that analyses of representative animals of these same families showed pro- 

TABLE 1 


Reprodtietion records and lengths of life of rats on diets Of differihg calcium content 



DIET 13, 0.34% Ca 

DIET 132, 0.48% Ca 

DIET 133, 0.64% Ca 

Young reared per female, number 

mean ±:P.E.* 

29.6 =fc:1.21 

mean ±P,B. 

32.3 ±1.37 

mean A:P.E. 

30.0 ±1.31 

Duration of reproductive life, days . . . . 

33ldbl0.6 

365 ±11.6 

333 ±11.6 

tength of life: 

Males, days 

706 ±12.2 

691 ±13.6 

724 ±12.2 

Females, days 

781 ±13.5. 

839 ±12.8 

799 ±16.4 


- * This precision measure is the classical probable error of the mean. 


gressively higher percentages of body calciUM^with increased levels of calcium 
intake (Lanford, Campbell and Sherman, 1941). That these moderately higher 
body calcium contents are likely to prove real assets under such vicissitudes as 
those of human life even if the advantage is not shown in the data of animals so 
wfell fed and living such protected lives as these, is a view expressed in personal 
communications from Dr. P. C. Jeans and from the late Dr. T. Wingate Todd. 
The animals on higher calcium intake showed somewhat higher blood hemoglobin 
(Ellis, L. N.: Unpublished work). 


StJMMAEY 

The experiments here reported compare the average life histories of 72 female 
and 48 male rats on each of three diets containing respectively 0.34, 0.48 and 0.64 
per cent calcium in the air-dry food mixture. The basal diet was chosen as being 
as nearly optimal as possible in all other respects. Under this favorable condi- 
tion, the three levels of calcium intake here studied resulted in essentially equally 
good records throughout the life histories of the experimental animals. Thus 
with a diet sufficiently good in other respects, the range of optimal calcium intake 
extended from 0.34 to at least 0.64 per cent of the air-dry food mixture. 
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The fact that in other experiments with animals of the same colony, but on a 
less favorable basal diet, a somewhat higher calcium intake appeared necessary 
for optimal results may perhaps have an added interest in relation to the long- 
standing hypothesis that calcium in addition to its specific functions may also 
exert a general regulatory or stabilizing effect. 
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In 1934 Herrin and Meek (1) reported that continuous distention of intestinal 
fistulae in dogs resulted in a condition closely simulating acute bowel obstruction^ 
The dogs showed anorexia, vomiting and other behavior which indicated that 
they felt sick. There never was any indication of acute pain. These manifes- 
tations of intestinal distention did not appear when the fistulous bowel had been 
denervated by sectioning the nerves in the mesenteric pedicle. This report is 
concerned with the identification of the afferent nerves excited by distention of 
the small intestine. 

Since then a search in the literature has revealed that in 1908 Cohnheim and 
Dreyfus (2) reported that intestinal distention in dogs caused vomiting. A rubber 
balloon was introduced through a duodenal fistula and then filled wfth 40 to 60 
cc. of water. They related that the dog began to masticate, to lick his mouth 
with his tongue, to make peculiar movements of his head, to breathe deeper and 
within 1 to 1§ minutes to vomit. Ranson (3) cites the obsers^ation of Dmitrenko 
that inflation of a rubber balloon in a dog’s stomach was followed by a rise in 
blood pressure, a quickening of the pulse and acceleration and deepening of the 
respiration. 

The literature indicates that the vagi and splanchnics are most likely to be 
involved in these reactions. Suner and Puche (4) distended the stomach of 
chlorosed dogs with a rubber balloon and observed initially inhibition of respira- 
tion, followed by increased amplitude and frequency of movement. Similar 
results were obtained by distention of the duodenum, jejunum or ileum. Section 
of the vagi and splanchnics abolished these effects. Morin and Vial (5) distended 
with a water-filled balloon various segments of small bowel in chlorosed dogs. 
Distention of the duodenum produced apnea or a decrease in I’espiratory ampli- 
tude, a depression of carotid blood pressure and mhibition of the jejunum. Dis- 
tention of jejunum resulted in increased fate and depth of breathing and elevation 
of arterial pressure. Bilateral section of the sympathetic chain in the thorax 
abolished the effect on respiration and circulation but the reflex inhibition of other 
parts of the intestine remained. Similar studies have been made recently by 
Crowley (6). He distended the ileum or jejuniun of barbitalized dogs with pres- 
sures as gi-eat as 150 mm. Hg. The effect upon respiration was the same as that 
obtained by Suner and Puche and in addition, arterial blood pressure was in- 
creased. Vagotomy or vagotomy and adrenalectomy did not abolish the effect . 
Section of the spinal cord at T 2 and section or cocainization of the splanchnic 
radicals abolished the effect. 


‘Made possible in part by a grant from the Wisconsin Alumni Research Foundation. 
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There is some expeilmental evidence indicating the nerves concerned in vomit- 
ing. Walton, Moore and Graham (7) determined the nervous pathways used 
in the vomiting of peritonitis which had been produced in cats and dogs by an 
injection of B. coli. The vomiting was entirely of nervous origin, the impulses 
being carried over both sympathetic and vagal nerves. Bilateral abdominal 
sympathectomy, splanchnotomy and intra-thoracic vagotomy were necessary to 
lirevent vomiting. Apparently irritation of the visceral peritoneum is responsi- 
ble for the vomiting of peritonitis and not the parietal since the various other 
minal, nerves were intact. 

Hatcher and Weiss (8) found that certain emetics, for example mercuric 
chloride, could cause vomiting by exciting emetic impulses equally well in either 
the sympathetics or the vagi. 

Schrager and Ivy (9) found that distention of the gall bladder and biliary ducts 
in dogs caused inhibition of respiration, nausea, vomiting and distress. The 
nausea, vomiting and some respiratory inhibition were abolished by section of 
the vagi. The distress and some respiratory inhibition were abolished by section 
of the right splanchnic. 

Ashkenaz and Spiegel (10) found that in decerebrate cats, distention of the gall 
bladder or duodenum or faradic stimulation of the splanchnic nerves evoked a 
contraction of the panniculus camosus muscle which resulted in a movement of 
the skin over the body trunk. This reaction was proven to be a reflex with its 
afferent path in the splimchnic nerves*. 

The clinical studies of De Takats (11) indicated that a local block of both 
splanchnics resulted in anesthesia of the upper abdominal organs. The lower 
abdomen could be anesthetized by adding to the splanchmc block, the anesthesia 
of the lumbar rami communicantes. 

In addition to the reflexes previously mentioned intestinal distention also 
excites reflex inhibition of other parts of the gastro-intestinal tract. Youmans 
(12) has cited the literature and demonstrated that reflex iohibition of other 
segments of the intestine by distention could be mediated not only through the 
extrinsic nerves but also through the intrinac plexi in the bowel waU. However, 
the latter pathway was less effective. 

Methods. With aseptic care Thiry fistulae were made in the first portion of 
the jejunum in dogs. After complete recovery the fistulous bowel was dis- 
tended with a balloon as previously described (1). During the course of disten- 
tion the dog was carefully observed for the initial appearance of anorexia, vomit- 
ing and any other indications of a disturbance in his sense of well being. The 
nervous manifestations usually appeared before any marked disturbance in 
blood chemistry occurred but if not saline was infused intravenously. After 
this, the balloon was removed and the dog allowed to recover, after which some 
one of the denervations was performed. 

The vagi were sectioned in the thorax near the diaphragm. The splanchnics 
were cut as they emerged below the diaphragm. The lumbar chains and ganglia 
were dissected mid excised from the diaphragm to the sacral promontory. After 
some stage of the denervation was achieved and recovery made, the dog was 
again tested with distention. 
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Results. These are presented in table 1 and need little explanation. The 
dogs vomited and showed anorexia after vagotomy but did not vomit after the 
splanchnics were cut and the lumbar chains were excised. Therefore, the 


■ TABLE 1 

Effect of various denervations upon the response of dogs to intestinal distention 


DOG 

NO, 


“tYPE OP DENERVATION 


None 


Vo. 2 An. 4 
Vo. 2 An. 4 


Vagotomy 


Vo. 1 An. 2 
Vo. 3 An. 6, 
Vo. 2 An. 3 


Splanchnicotomy 
excision of lumbar 
chain 


Splanchni- 

cotomy 

vagotomy 


Splanchni- 
cotomy va- 
gotom;!^ lumbar 
chain cut 


An. 4 Vo. 
4 


Splanchnicotomy 
vagotomy lum W ^^ 
chain excisea 


Rt. Vo. 2 An 
2 

Bi.No 

symptoms 


Vo. 2 An 2 
Vo. 2 An. 3 
An. 2 

Vo. 3 An. 3 


No symp- 
toms? 


7 

8 
9 

10 

11 


12 


An. 4 
Vo. 1 An. 3 

An. 2 


An. 7 
An. 4 
An. 6 

An. 2 
Rt. Vo. 6 An. 7 
Bi. An. 5 

Rt. Vo. 7 An, 7 
Bi. An. 4 


No symp- 
toms 


No symp- 
toms 

No symp- 
toms 


13 

14 

15 

16 

17 


Vo. 2 An. 2 
Vo. 1 An. 4 
An. 5 
Vo. 1 An. 8 


Vo. 3 An. 21 

Slight 


An. 2 

An, 4 

An. 2 No 
symp- 
toms 


No symp- 
toms 

No symp* 
toms 


Vo — ^vomiting; An — anorexia; Rt. —right; Bi. — bilateral. The number 
day of distention on which the disturbance was first observed. 


indicates the 


nervous impulses responsible for vomiting during intestinal distention are con- 
ducted over the sympathetic nerves and the results obtained on dogs 14, 15 and 
16 indicate that only the splanchnics are involved. About the time that the 
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dogs began to show anorexia and vomiting they also became less active and gave 
less attention to their surroundings. This together with other variable aspects 
of their behavior gave one the impression that the dogs were si^. This sick 
appearance was absent after splanchnicotomy and excision of the lumbar filia.ins 
even though the dogs still showed anorexia. It might also be pointed out that 
3 out of 5 dogs, nos. 14, 16 and 16 seemed to have received disturbing impulses 
through the lumbar chain into the spinal cord. 

From the standpoint of the rdle of distention in the symptomatology of bowel 
obstruction, it might be pointed out that the vomiting of 7 of these d<^s was 
conclusively proven to be Of nervous origin. The dogs vomited with intestinal 
distention and did not vomit after the proper denervation was attained. This 
rules out the possibility of any substance from the bowel contents or the wall 
itself which might cause vomiting by stimulation of the medullary vomiting 
center. 

SUMMARY 

Distention of Thiry fistulae in the first portion of the jejunum in otherwise 
normal, conscious dogs resulted in vomiting and anorexia. The appearance 
and behavior of the dog at that time gave the observer the impression that ihe 
dog was sick. 

Vagotomy did hot abolish 'the vomiting or anorexia during intestinal disten- 
tion. 

Bilateral splanchnicotomy and excision of the lumbar chain abolished inC 
vomiting response to distention. Unilateral denervation was not sufficieht. 
The sick impression given by the dog previously was absent although anorejda 
was present. 

Splanchnicotomy, vagotomy and section of the lumbar chains abolished all 
S3unptoms due to intestinal distention in 2 dogs but anorexia remained in 3 
dogs. 'V 

Splanchnicotomy, vagotomy and excision of lumbar chains abolished the ano- 
rexia and vomiting when the intestine was distended. 

It is concluded that the vomiting excited by intestinal distention is entirely of 
nervous origin and that th6 nervous impulses are conducted over the sympa- 
thetic nerves. The anorexia present with intestinal distention may be due to 
impulses from the vagi and also from the sympathetic nerves. • ‘ 
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The character of the vasomotor responses of the Body to local changes m 
temperature and heat flow has significance in relation to the mechanism of 
temperature regulation. The effectiveness of heat applications to different body 
surfaces is also of practical importance in connection with ph3rsical therapeutic 
procedures. In the study reported at this time the effects of prolonged immer- 
sion in warm water of parts of the upper and lower extremities have been ob- 
served in the normal human. The relative effects of warming in the two situa- 
tions have been compared, and observations have been made of the duration of 
the resulting vasomotor response. Certain tentative theoretical deductions will 
be presented. 

Methods. The skin temperature of nine healthy males 18 to 22 years of age 
were measured by the use of the Hardy and Soderstrom (1) radiation thermom- 
eter. Measurements were made with the subjects nude except for shorts and 
seated on a chair with the feet resting on a rod six inches above the floor. They 
were kept in a room with temperature, humidity and air movement controlled. 
The temperature was 16.7 db 0.5'’C. The hunddity was 37.5 db 2.5 per cent 
and the air flow 25 feet per minute. Measurements of rectal temperature were 
not made in this group of experiments. Thermocouple measurements on .similar 
subjects in another study under comparable conditions showed that in a cold room 
at 10®C. while lightly clothed there is an initial rise in rectal temperature fol- 
lowed after about 30 noinutes by a return to the initial value. 

After a period of 30 minutes in the cold environment the subjects' forearms 
or legs were immersed for 20 to 25 minutes in water baths controlled thermo- 
statically at 43 to 44°C. and thoroughly stirred. Control studies were made 
on^each subject in which surface temperature measurements were made over 
60 to 65 minutes. Each subject was studied in this way at least twice, the total 
number of control periods being 25, and temperatures were measured over 8 
skin areas as follows: 1, dorsum of the left hand; 2, middle lateral left upper 
arm; 3, left shoulder at tip of acromium; 4, back, over the left scapula; 5, left 
tide, seventh intercostal space between anterior axiUary and mammary lines; 
6, anterior middle left thigh; 7, posterior middle left calf; 8, dorsal middle left 
instep. Measmements were made at each of the 8 points in a regular sequence 
each 5 noinutes throughout the course of the experiment. The position of the 
body changed slightly when the forearms were immersed in the bath. A control 
study showed no effect on surface temperatures by this alteration. Inunersion 

* Rockefeller Foundation Fellow, Cordoba, Rep. Argentina. 
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of the arms was to a point just below the elbows and in the. case of the legs to 
just below tbe knee joints, carefully fixed in each case. 

In four experiments referred to separately, temperature measurements were 
made by skin and rectal thermocouples. In three additional experiments the 
effects of forearm heating were measured with and without occlusion of blood 
vessels by application of a pressure cuff above the elbows and inflation to a value 
just in excess of the systolic pressm-e. 

■ Results. The skin surface temperatures of the normal young adult 
subject fall progressively to varying degrees over the period of one hour in the 
cold room at 16.7°C. at all skin areas excepting the thigh. The largest fall is 
3.3°C. over the instep and the least is 0.8°C. over the scapula. The thigh shows 
a fall for 50 minutes with a questionably significant rise thereafter. In general, 
the trunk areas show smaller changes than the extremities, and in the latter the 
more distal portions show the greater falls in surface temperature. The results 
of all control measurements have been averaged and plotted in figures 1 to 8 
in the solid curves. 

Two experimental procedmes were employed in these studies; namely, the 
immersion of either the two forearms or the two legs below the knee in water at 
43 to 44'’C. for periods of 20 and 25 minutes respectively, after the subject had 
spent 30 minutes in the cold room. The influence of heating this body surface 
upon surface temperatures elsewhere on the body was then ascertained. In 
this way the relative effectiveness upon skin vasomotor reactions of arm and 
leg surface can be ascertained. 

In the case of the areas immersed in either procedure no measurements of 
surface temperature could be made by the method employed. 

When either the forearms or the legs are warmed under the conditions de- 
scribed the surface temperatures over the entire trunk and the thigh and upper 
arm all tend to rise above the control values and ordinarily above the pre- 
stimulation level. Detailed observations in 17 experiments in which the fore- 
arms were heated and 21 in which the legs were similarly heated are shown in the 
figures. In each case the portion of the graph marked “A.” shows the results 
of warming the foreaims and “B” the legs. The — or -f- signs above points 
indicate the existence or absence of a statistically significant difference between 
the control and experimental values. To be considered significant a difference 
was required to be more than three times the probable error of the difference 
between the means. 

It will be noted in figure 1 that when the legs are warmed the dorsum of the 
hand shows a temperature rise of 2.4°C. The deviation from the control cuiwe 
is 7 times the probable en-or at 10 minutes after immersion. Warming the leg 
is obviously an adequate stimulus for vasodilatation in the hand with the body 
in the cold environment used. In two experiments not shown in the graph, 
only one leg was immersed in water at 43°C. There was no significant rise in 
hand temperature above the control values. Thus, warming one leg was an 
inadequate stimulus to vasodilatation in the hand, while the same stimulus 
applied to two legs produced the marked effect seen. 
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Figure 2 presents the data for upper arm temperatures when the two fore- 
arms (A) and the two legs (B) are immersed in 43“C. water. Again it is obvious 
that local heating produces significant alterations in skin temperature within 



20 25 30 35 40 45 60 55 60 
Time in minutes 

Fig. 1. Surface temperature changes in the dorsum of the left hand in normal subjects 
in a constant cold environment without and with heating of both legs below the knee by 
immersion in water at 43-44°0. The — and -f- signs above comparable points in the two 
curves indicate absence or presence, respectively, of a significant difference between the 
control and experimental values. 

10 minutes after immersion. There is a significant difference, however, between 
the effects of immersing the forearms and the legs. The differences between the 
‘^experimentar^ temperatures in cases and in figure 2 at the times 
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40, 45 and 50 minutes, are statistically significant. Thus warming of the 
forearms is definitely a more effective measure for upper arm vasodilatation 
than is the warming of the legs, which have greater surface and mass, as will be 
discussed more fully later. 

The comparative effects of forearm and leg heating upon shoulder surface 
temperature are seen in figTire 3. Here forearm warming produced a significant 
deviation within five minutes, whereas the earliest statistically significant altera- 
tion following leg warming occurred 25 minutes after immersion. The differ- 



Fig. 2. Surface temperature changes in the upper arm in relation to heating of the fore- 
arms (A) or the legs below the knee (B) by immersion in water at 43-44°C. 


ence between the two “experimentaF’ curves was significant at the 40 minute 
point. 

The responses of the skin over the scapula shown in figure 4 appear to be 
much smaller. Warming the forearms produced significant changes for only 
the first 10 minutes, while heating the legs produced a significant change only 
over the second 10 minute period dxiring the immersion. The differences be- 
tw’'een the “experimentaF^ curves were significant at the times 50 and 55 min- 
utes. It will be noted that in this case it is the leg heating that produced the 
more prolonged effects. This is in contract to the opposite finding in other 
locations. 

The observations on skin temperature on the side of the thorax shown in 
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Fig. 3. Surface temperature changes in the left shoulder in relation to heating of the 
forearm (A) or the legs below the knee (B) by immersion in water at 43-44®C. 



Fig. 4. Surface temperature changes in the back in relation to heating of the forearm 
(A) or the legs below the knee (B) by immersion in water at 43-44®C, 


figure 5 indicate that a significant vasodilatation occurs after 5 minutes of heat- 
ing of either forearms or legs. However, the effect of warming the legs is 
evanescent. The differences between the two “experimental” curves are sta- 
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Fig. 6. Surface temperature changes in the left side in relation to heating of the fore- 
irm (A) or the legs below the knee (B) by immersion in water at 43~44®C. 



Fig. 6. Surface temperature changes in the left thigh in relation to heating of the fore- 
arm (A) or the legs below the knee (B) by immersion in water at 43-44®C. 


tistically significant at 40, 45 and 60 minutes. Thus it is obvious that forearm 
heating is a more effective means of producing skin vasodilatation in the lateral 
thorax than is leg warming. 





Temperature in dcqrccs centiqrade 


730 


CARLOS MARTINEZ ANP MAURICE B. VISSCHBB 


When the thigh temperatures are studied in figure 6 an even more pronounced 
difference between forearm and leg warming is seen. The difference from the 
control is significant after 5 minutes of immersion for the former and not till 
15 minutes with the latter. Furthermore, the magnitudes of the heating 




Tima in minutes Tima in minutes 

Fig. 7 Fig. 8 

Fig. 7. Surface temperature changes over the posterior medial l(!ft calf in relation to 
heating the forearms by immersion in water at 43-44®G . 

Fig. 8. Surface temperature changes over the dorsal middle left instep in relation to 
heating the forearms by immersion in water at 43-44°(I. 

effects are very different and the differences in the two “experimental” curves 
in “A” and “B” are statistically significant at 35, 40, 45 and 50 minutes, that 
is, throughout the whole period of forearm heating. 

In the case of the calf surface temperatures shown in figure 7 it will be seen 
that forearm heating produced no significant deviation from the control values. 
This is in sharp contrast to what is seen in figure 8 for the ease of the dorsum of 
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the foot. Here there is a sharp and significantly large heating effect. The ab- 
sence of a heating effect upon the calf with large actions on the foot and the 
thigh indicates that there is not a simple rule relating magnitude of response to 
more distal parts of extremities. 

Four experiments were performed in which measurements were made in two 
subjects while only one leg was immersed in water at 42 to 44°C. SVin and 
rectal temperature measurements were made by the thermocouple method in 
these cases. The skin temperatures in the several areas were not chained 
from the control values by this experimental procedure. The rectal tempera- 
ture was not altered by more than 0.2‘'C. in any case and the average change 
was a fall of 0.1°C. following immersion in the warm bath. The direction of 
change, it may be noted, is opposite to that which mi^t have been expected 
by the application of heat. 

No subject felt a subjective generalized sensation of warmth while immersing 
one leg in warm water while in all of those experiments in which two legs were 
immersed under otherwise identical conditions such a sensation was reported. 
It should furthermore be noted that m each of the nine subjects in which fore- 
arms and legs were immersed in different experiments there was an invariable 
report that the subjective sensation of warmth was greater following forearm* 
than following leg immersion. 

In the three experiments in which the two forearms were immersed in water 
at 43.5°C. with the circulation occluded at the elbow there was, in contrast with 
the situation observed with a normal blood flow, no significant deviation of the 
temperature curves from that seen in the controls. Furthermore, although the 
hands and forearms in the water felt warm there was no generalized subjective 
sensation of warmth. 

Discussion. There is no general agreement as to the mechanism of the gen- 
eralized peripheral vasodilatation following local heating. Hill (2), Pickering 
(3) and Gibbon and Landis (4) have shown previously that such vasodilatation 
in subjects in a cold environment is abolished by vascular occlusion. The 
studies reported here confirm these observations. It may be concluded that 
heating of distant skin areas, while the majority of the body surface is cold is 
not an adequate stimulus to generalized reflex vasodilatation unless there is 
blood flowing to and from the heated skin. Further, from the fact that heating 
one leg was ineffective while heating both produced a marked effect, it may be 
deduced that there is some minimal skin area or total heat input below which 
heating has no discernible effect on the vasomotor control of the unheated body 
surface. 

The older view of the mechanism of the skin vasomotor response is that local 
heating produces a reflex vasodilatation as a result of stimulating heat sensitive 
endings in the skin. That this mechanism operates to some extent cannot be 
excluded by the present study, nor by those cited above, because a temporary 
effect of a simple reflex nature could not be detected by skin temperature meas- 
urements, Skin temperature reflects blood flow changes only slowly and an 
evanescent reflex effect might easily be missed. 
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The mechanism of the effect of the blood flow through the heated part is 
entirely uncertain. It is not excluded that the cutting off of blood alters the 
sensitivity of sensory endings in the part. To rule out such an effect completely 
is impossible on the basis of existing data, but the fact that a feeling of local 
warmth persists after vascular occlusion argues against its importance. The 
other possibilities are that return of w'arm blood to the body proper induces 
vasodilatation or that some unknown chemical change in the. blood depending 
upon the temperature of the limb from which it flows mediated the effect. The 
first of these two possibilities is favored by the workers cited. Pickering^ (3) 
postulates a temperature-sensitive “central mechanism” re.sponding to temr- 
perature changes of O.orC. to 0.04°C. in the tissues. However, Upms, Gaylor 
and Carmichael (5) find that vasodilatation may occur on local warming while 
the rectal temperature is steadily falling as much as 0.3°C. in an hour. Fur- 
thermore, in our subjects, warming, inadequate to produce the demonstrable 
vModilatation, nevertheless was associated with a slight fall in rectal tempera- 
ture which is in contrast to the tendency to rise in the cold room when heat is 
not applied. Pickering (3) says concerning the central mechanism: “Its re- 
sponsiveness suggests that the temperature sensitive mechanism is a specialized 
‘receptor or receptors. It is probably not the temperature center itself”. . . . 
Since the central body temperature as measured in the rectum may vary op- 
positely to the direction expected we suggest the possibility that sensitive end- 
ings located in certain veins may perhaps mediate this effect. Studies on this 
question are projected. 

The observations reported at this time demonstrate that heating the legs 
below the knee is less effective in producing generalized skin vasodilatation than 
is identical heating of the forearm and hands. A single exception is the response 
seen in the skin of the back where the reverse was noted. The usual finding is 
of interest because the surface area warmed is considerably greater in the former 
than in the latter case. Measurements by planimeter of a paper mould fitted 
carefully to all of the skin surfaces of a typical subject showed the total skin area 
for the forearm and hand to be 1000.2 cm.*, and 1451.4 cm.* for the leg and foot. 
The latter is thus 46 per cent greater than the former, while the magnitude of the 
heating effect was in the reverse ratio. 

The frequency of distribution of heat sensitive endings in th<^ skin is, however, 
much less in the leg and foot than in the forearm and hand (Goldscheider, 6). 
However, it seems unlikely in view of the abolition of vasodilatation by vascular 
occlusion that this difference accounts for the effects observed. 

The rate of blood flow through the upper and lower extremities may deter- 
mine the effect seen. Per unit of volimie the blood flow through the forearm 
and hand is greater than through the leg and foot according to Abramson and 
Fierst (7). The difference diminishes with increasing temperature but appears 
to remain significant at 43°C., according to Abramson, Katzenstein and Ferris 
(8) . There are insufficient data available to ascertain whether the greater effect 
of forearm than of leg warming reported here is actually in proportion to the 
blood flow difference, but it appears possible that it constitutes a major factor. 
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The fact that continuous warming of two lower legs or forearms produces in 
most situations only a temporary rise in skin temperature indicates that for 
some reason the stimulus loses its effectiveness with time. This fact appears to 
mean that the temperature sensitive mechanism may react more vigorously to 
changes in temperature than to the absolute value. The r61e of adaptation in 
this phenomenon has not been investigated. Moreover, it must be recalled 
that the temperature sensitive endings in the skin may mediate reflex changes 
in a given local segment without being able to compete with a central 
in controlling general skin vasomotor reactions. Thus there may be and prob- 
ably is a central synthesis of influences from several sources ultimately deter- 
mining the vasomotor state in any given skin area. The effect of local cold 
competes with the effect of central heating in determining the response. In t.Tiis 
way a decreasingly effective central stimulus could result in the results seen. 

StJMMAET 

1. Studies are reported of skin temperature measurements with nine normal 
male subjects exposed to local heating while maintained m a constant environ- 
ment at a cold temperature. 

2. Local heating by immersion in water at 43 to 44°C. produces a larger rise 
in skin temperature in all locations except the back when the two forearms are 
immersed than when the legs, up to the knee, are immersed. 

3. Immersion of one leg alone does not produce a significant general skin 
temperature rise under these conditions. 

4. Immersion of both forearms with circidation occluded by pressure cuffs 
above the elbow results in no sustained rise in general skin temperature. The 
sensation of warmth in the forearms and hands is retained in spite of vascular 
occlusion. 

5. The subjective feeling of general bodily warmth is proportional to the 
general skin temperature rise. 

6. Except for the feet and the hands the skin temperature rise following local 
heating is temporary in spite of continuous application. 

7. The rectal temperature remains constant within 0.2°C. in subjects ha the 
cold room at 16.7°C. with or without application of local heat. There is a tend- 
ency for rectal temperature to fall slightly upon local heating. 

8. Assuming that skin temperature changes reflect alterations in blood flow 
through the surface tissues it is deduced that prolonged vasodilatation due to 
adequate local heating is probably mediated by some type of central mechanism. 
This is in agreement with earlier suggestions of the same sort. However, it is 
not believed possible that general body temperature can determine the effect 
because vasodilatation can occur with a falling rectal temperature. 

REFERENCES 

(1) Hardy, J. D. and G. F. Sodeestbom. Rev. Sclent. Instruments 8: 419, 1937. 

(2) H.ill,L. J. Physiol. 64: 187, 1921. 

(3) PiCKBBiNG, J. W.' Heart 16: 115, 1931. 



734 


CAKLOS MARTINEZ AND MAURICE B, VISSOHER 


(4) Gibbon, J. H., Jk. and E. M. Landis. J. Clin. Investigation 11: 1019, 1932. 

(5) Uprus, V., J. B. Gaylor and E. A. Carmichael, Clinical Science 2; 301, 1935. 

(6) Goldscheider, A. A. Bethels Handbuch der Normalen und Pathologischen Physi* 

ologie. Berlin, J. Springer, 11: 131, 1926. 

(7) Abramson, D. I. and S. M. Pibrst. Am. Heart J. 23: 84, 1942. 

(8) Abramson, D. I., K, H. Katzenstein and E. B. Perris, Jr. Am. Heart J. 22: 329 

1941. 



CENTRIPETAL REGENERATION OF THE 8TH CRANIAL NERVE 
ROOT WITH SYSTEMATIC RESTORATION OP VESTIBULAR 

REFLEXES 

R. W. SPERRY 

From the Yerkes Lahoratoriet of Primate Biology, Orange Park, Florida 
Received for publicatioa Jtdy 5, 1945 

'A selective recovery of function has been found to follow centripetal regen- 
eration of the optic nerve after its complete transection in amphibians. The 
ingrowing optic axons make their way into the visual centers of the brain and 
there re-establish functional reflex associations in a systematic, predetermined 
manner such that the differential spatial values of the various retinal points 
are restored in their original form (4r-0). The regulatory growth factors re- 
sponsible for this orderly formation of differential reflex relations in the brain 
centers are presumably similar in nature to those by which the inherent patterns 
of intricate synaptic inter-relationships are formed originally and prefunctionally 
in ontogenetic development. Little is known of the actual governing mecha- 
nisms, however, and further evidence is needed regarding the systematic de- 
velopment of synaptic associations both in nerve regeneration and in ontogeny. 

The present experiments were undertaken to find out if the 8th cranial nerve 
root after complete transection in the adult is capable of regenerating axon con- 
nections to its proper nuclei in the medulla and, if so, whether the diverse func- 
tional properties of the various vestibular fibers, correlated with their central 
reflex relations, are restored at random or with systematic selectivity as in the 
case of the optic system. The 8th nerve happens to be well suited for testing, 
selectivity in recovery following regeneration because it contains fibers to a 
number of separate end organs, the differential reflex properties of several of 
which are readily determined by simple functional tests. In the frog the end 
organs supplied by the 8th nerve include the cristae of each of the 3 semicircular 
canals and the maculars of the utriculus and the sacculus, the lagena, the pars 
neglocto, and the pars basilaris (1). There is thus enough functional variety 
among the 8th nerve fibers to render negligible the possibility that the regenerat- 
ing axons could b.v chance alone establish suitable central connections in suffi- 
cient numbers to restore proper function. Any consistent restoration of normal 
discrete reflex jissociations for the different end organs, therefore, must clearly 
indicate discriminatoiy, selective factors in the recovery process. 

Mktho 08 . In 20 tree frogs (Hyla squirella) bilateral section of the 7th and 
8th cranial nerve roots was performed intracranially through an incision in the 
roof of the pharynx. The roots of the 7th nerve were divided along with those 
of the 8th because the two enter the medulla together. This did not detract 
from but rather enhanced the significance of the experiments as far as positive 
results wore conc(*rned, because the presence of the extra regenerating fibers 
lessened further any opportunities for fortuitous re-establishment of correct 
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central connections. With fine jewelers’ forceps the nerve roots were pinched 
off and pulled and teased apart until all fascicles of the 7th and 8th nerve root 
complex had been severed, after which the frayed nerve ends were roughly 
approximated. Eight control cases also were prepared in which the 7th and Sth 
nerve roots were widely excised and the auditory capsules broken to prevent 
any recovery. General operative technic and after care of the animals were the 
same as in previous experiments (4-7). 

Tests to detect loss and return of the various reflex functions mediated by the 
Sth nerve Avere made at 3 to 5 day intervals after operation. Obseiwations were 
made separately of the effects of angular acceleration or deceleration 'of 
the animals in both directions in the 3 planes determined by the 3 primary axes 
of the body. Also noted were the effects of linear acceleration in different di- 
rections, rioting reactions from an inverted position both in and out of water, 
assumption of postural attitudes on different inclines, leaping, climbing, swim- 
ming, other general activities and arousal responses to auditory stimuli. At 
the end of 3i months the animals’ heads were fixed in Bouin’s solution, sec- 
tioned at 10 mu in different planes and prepared for microscopic examination 
by the Bodian activated protargol method. 

Results. Immediate effects of nerve section. The immediate effects of opera- 
tion in both experimental and control groups were similar and involved the usual 
profound loss of equilibration consistent with numerous descriptions in the 
literature. The following brief account is sufficient for the present purposes. 
Righting reactions, particularly those performed in water, were severely im- 
paired. The animals were unable to swim without somersaulting or rolling 
and their inco-ordinated struggles terminated as often in the upside down 
position as right side up. Leaps through the air also were badly directed and 
resulted in somersaulting and rolling in mid air with the ammals commonly 
landing on their backs or sides. Instead of clinging fast in normal manner to 
vertical objects, they frequently fell off when climbing or alighting upon them. 
The head often assumed and was allowed to remain in various odd postures. 
All reflexes to angular acceleration in all directions in all three primary planes 
were abolished except for the optokinetic response which, being slower and 
weaker and present when there is no acceleration, is readily distinguished from 
the vestibular reactic^. The residual visual adjustments disappeared after 
transection of the optic nerves in 3 cases so tested. Exaggerated abrupt move- 
naents of the head and body along Avith forced circling reactions were also ex- 
hibited but had subsided after a few days and hence were probably irritative 
rather than deficiency phenomena. There was no indication that the Sth nerve 
root had escaped complete transection in any of the animals. 

Extent of recovery. About 1| months after operation, the animals were all 
blinded by section of the optic nerves. This made it possible to estimate more 
easily and accurately the final degrees of recovery by quieting the An imalg and 
by eliminating all visual equilibratory actions that might otherwise bo confused 
with vestibular function. 

In the control group 2 animals died shortly after operation but the other 6 
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suivived in fair condition. These controls showed no recovery of the principal 
test reactions. There seemed to be some slight improvement in their posture 
and ability to move about and remain in an upright position and to to the 
sutetrate, but even this may have been in part a result of the subsidence of 
irritative phenomena. The amount of recovery achieved in the various test 
performances by the controls over the 3§ month observation period was prac- 
tically negligible, in any case, and for purposes of comparison with the experi- 
mental group, the state exhibited by the controls is designated as one of zero 
recovery. 

On the 21st day after operation 3 of the experimental group showed aignB of 
recovery of vestibular responses to horizontal angular acceleration. By the 
26th day these and 4 additional cases were displaying unmistakable responses 
of the vestibular type on the horizontal turntable. Thereafter, recovery con- 
tinued to make noticeable progress in the experimental group as a whole over a 
period of about 3 weeks. Five of the 20 experimental cases attained complete 
recovery by this time in that they came to exhibit responses closely approaching 
normal in all of the different tests. Two cases, on the other hand, never showed 
any recovery at all and another one died during the second week after opera- 
tion. The remaining 12 of the experimental group achieved various interme- 
diate degrees of recovery ranging from nearly complete recovery in most tests 
to almost no recovery. 

Selective character of recovery. In those animals which showed complete 
recovery, the reflex reactions elicited by diSerent patterns of labyrinthine stimu- 
lation were not randomly confused, disorderly, or massive in nature as if the 
fibers from the different end organs had made central connections in a fortuitous 
manner. On the contrary, discrete reactions of normal quality were evoked 
consistently by different types of stimulation. Horizontal angular acceleration 
to the right caused compensatory horizontal turning of the head to the left, 
while conversely, deceleration caused an opposite movement to the right. Cor- 
responding responses in the opposite directions were produced by horizontal 
spin to the left. Tipping the animals on their longitudinal axis to the right or 
to the left caused in each case typical compensatory tilting movement of the 
head in the proper direction to tend to keep the head on a horizontal plane. 
Tipping the animals head-downward on the transverse body axis resulted in a 
counteracting elevation of the head just as in the normal animal and, vice versa, 
tilting the body liead-up ward caused an active depression of the head. Thus 
these various types of labyrinthine stimulation elicited discretely each its own 
particular appropriate response. 

Eighting from an inverted position was again performed with proficiency 
indistinguishable from normal. The animals recovered their ability to swim 
in a straight line correct side up, to make long leaps through the air without 
landing upside down, and to alight and climb on vertical walls without falling 
off. Normal postures were regularly assumed and in all general activities be- 
havior of apparently normal quality was displayed. 

Some attempt was made to test functional recovery of the auditory as well 
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as vestibular fibers of the 8th nerve in these animals. The metliod used was 
to see if the animals could be aroused from their characteristic daytime repose 
to a state of alertness by means of auditory stimuli. It was found that tearing, 
rustling, crushing, or scratching of paper (noises with high overtoncKs) would 
elicit arousal reactions with reliable consistency in 3 of these 5 cas(js showing 
complete recovery. The arousal response consisted of elevation of the eye- 
balls, withdrawal of the nictitating membranes, dilatation of the pupils, increase 
of respiratory rate, and sometimes raising of the head or even movement of the 
whole body. The lack of consistency in the responses of the other 2 of the 5 
experimental cases tested does not necessarily indicate that the hearing of these 
2 was abnormally poor, for there was comparable individual variation in tend- 
ency to respond among a group of 7 normal animals. Although the positive 
responses seemed convincing and were not made by any of the control cases, 
this evidence must be accepted with caution because of the impossibility of rul- 
ing out completely other avenues of stimulation such as convection currents 
in the air, sympathetic vibration of the substrate, or other uncontrolled factors. 
These arousal reactions were abolished by severance of the 8th nerve root in 
5 cases so tested (2 experimental, 3 normal), but this might have been a sec- 
ondary result of the severe effects of 8th nerve section. 

In the cases showing intermediate degrees of recovery, as well, the recovered 
labyrinthine reflexes were of normal character. Functional restoration was de- 
fective in these cases only in the lack or weakness of responses, and not in the 
mode of response; i.e., the defects appeared to be basically quantitative, not 
qualitive. For example, an animal might show fair or good responses in the 
correct direction to angular acceleration in the horizontal plane, while at the 
same time reactions to tilting in the vertical plane would be absent or extremely 
weak. In 5 cases recovery was definitely asymmetrical with respect to the two 
sides so that the animals tended to lean or turn predominantly to one side. But 
the various test respouKses superimposed on these postural biases were made in 
the correct direction. Only one exception to the foregoing statements was 
noted. This was a case in which for a period of over a week during recovery, 
rapid lateral tilting caused the animal to lean farther olt balance rather than to 
compensate in the normal manner. These reversed responses, how(wor, are 
apparently characteristic of frogs in which only the utriculus remains functional 
(11). They cannot, therefore, be considered a sign of atypical central reflex 
associations and more probably signify that recovery of function of the end 
organs other than the utriculus was tardy and deficient. In summary the only 
defects in the recovered functions were such as to indicate that they arose not 
from abnormal functional associations but rather from absence of function. 

Judging by the number of different kinds of sensory end organs supplied by 
the 7th and 8th nerves, at least 11 distinct classes of afferent fibers had regen- 
erated from the point of transection with ample opportunity among them for a 
completely chaotic interspersion into abnormal pathways and with very little 
chance for particular fiber types to be directed by mechanical factors alone to 
their proper central terminations. And yet in recovery there was no reliable 
sign of any abnormal central associations while it was quite clear on the other 
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hand that in all cases showing recovery different classes of vestibular fibers had 
managed consistently to re-establish their own proper type of reflex associations. 
The conclusion is evident that restoration of reflex relationships in the medulla 
had not been fortuitous but had been systematically regulated in a prearranged 
order. 

Further checks and controls. That the observed recovery of vestibular reflexes 
was a product of 8th nerve regeneration and not ascribable to compensatory 
action of other sensory systems was clear from the following: a, the striking 
difference between those cases which showed complete recovery and those, 
inbluding the controls, which showed no recovery at all; i>, lack of deterioration 
of the principal test reflexes following optic nerve section; and finally, c, abolish- 
ment of all the recovered reactions by resection of the regenerated 7th and 8th 
nerve roots. The conclusion that functional abnormalities where they oc- 
curred were due to a lack of recovery and not to a positive recovery of atypical 
central associations was supported further by the histology. The severed nerve 
roots were found to have undergone a dense regeneration in those cases in 
which recovery of function was good while in those cases in which functional 
recovery had been lacking or poor, nerve regeneration proved to be absent or 
very slight. In many cases there was a severe reduction in the number of cells 
in the 8th nerve ganglion and it is very possible that lack of complete recovery 
was caused in large part by direct or secondary damage to the nerve ganglion 
itself which lies close to the point of transection. An additional but less im- 
portant factor appeared to be the escape and misdirection of regenerating fibers 
outside the dural sheath of the medulla. In the region of transection there was 
considerable intermixing and rearrangement of fibers and fiber bundles. 

Attempts to determine the regulatory factors. The experimental results thus 
far show that the 8th nerve root is capable of regenerating centripetally to re- 
establish functional associations within the central nervous system and that the 
resultant restoration of vestibular reflexes is achieved in an orderly systematic 
manner. They raise the additional problem, however, of whether the orderliness 
of functional recovery is attained directly by growth mechanisms alone or 
whether it involves functional readjustment processes of some type such as learn- 
ing. The following observations and few additional experiments conducted 
mostly on late larval stages are concerned with this further problem. 

The following indicated that the learning process is not involved in regulating 
recovery, a. The recovered reflexes were found to survive deeerebration plus 
optic nerve section in both the adult (H. squirella, 4 cases) and in the tadpole 
(r. grylio, 5 cases), h. There was no indication of a practice period in recovery. 
The first time that a response could be elicited by angular acceleration, for ex- 
ample, it was made in the correct direction, c. The vestibular system is highly 
reflex in nature and relatively unsubject to reintegration by learning. Even in 
mammals no direct connections with the cortex or a cerebral cortical center 
have been found (3). Finally, d, what is known of the learning capacity of 
amphibians in comparable situations indicates that it is far too limited to achieve 
readjustments of this sort (8). 

The inference that no type of functional regulation whatever is involved in 
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the recovery is suggested by the following: Those vestibuliir reflex niovenieuts 
of the eyeball which on the occurrence of imposed head movements tend to main- 
tain a steady view of the visual field are pronounced in the tadpole and leadily 
demonstrated by tilting the iinimals in water cither in an open dish or in a close- 
fitting test tube. It was found that these reflexes were restored hi their proper 
form by regeneration of the 8th nerve root in the tadpole (R. yrylio, 4 cases; R. 
clamitans, 2 cases) even though the animals had been blinded by previous ex- 
cision of the optic nerve. Blinding presumably eliminated the functional 
value of these eyeball responses and yet in spite of this the vestibular eye ipove- 
ments were systematically re-established in their regular pattern. This evi- 
dence against functional adaptation, though suggestive, is not crucial because 
the eye movements may conceivably be part of a larger motor adjustment, other 
components of which retained a regulative functional value. 

An attempt was made to set up a more critical test of the rhle of functional 
regulation by reversing the orientation of the vestibular sense organs. Re- 
covery of normal responses under such conditions v-ould indicate functional 
readaptation whereas recovery of responses in reverse would indicate that the 
re-establishment of reflex relations is predetermined by growth factors regardless 
of functional adaptation. Homoplastic transplantation of the left labyrinth 
into the site of the excised right labyrinth with reversal of the antero-posterior 
axis was carried out in a range of late larval .stages of R. grylio and R. clamitans 
(16 cases), but none of these animals showed any signs of functional recovery 
although kept as long as 3 months after operation. Even in premotile embryonic 
stages such transplants or even direct reimplantations have previously been 
foimd to fail functionally, although apparently good nerve connections with the 
medulla are formed (10). Possibly a developmental stage or condition willoven- 
tually be found in which the inverted labyrinth will establish functional central 
nervous connections and thus provide a conclusive answer to the above question. 

SUMMABY AND CONCLUSIONS 

Fibers of the 8th nerve root after its complete transection in 17 adult and in 
11 larval anuran amphibians succeeded in regenerating across the nerve gap, 
into the central nerve stump and into the medulla where they re-established func- 
tional reflex connections. Furthermore, despite inexact apposition of the nerve 
ends and distortion of the intraneural fiber pattern in the region of severance, 
the different fiber lypes of the vestibular root succeeded in regaining their 
original innate modes of function in an orderly selective manner. The normal 
character of the recovered reflexes indicated that those nerve fibers connected 
peripherally to the crista of the horizontal semi-circular canal formed their own 
type of central reflex relations distinctly different from those formed by neigh- 
boring fibers innervating other end organs of the labyrinth. Similarly the fibers 
of the anterior and posterior canals systematically re-established in each case 
their own distinct and appropriate type of central associations. As far as could 
be determined from the tests made, the fibers of all the various end organs of the 
labyrinth succeeded in recovering selectively their original proper type of central 
reflex relations. 
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.1 n«t. how this systematic recovery of specific functional associations was accom- ■ 
plisluMl remains unkno'^m. That the precision of recovery can be attributed 
simply to indifferent mechanical guidance of the regenerating fibers is excluded 
by the manner in which the nerves were broken and apposed as well as by the 
microscopic appcai’auct' of the nerve scar. General knowledge of nerve regen- 
eration (13) moreover indicates that such an interpretation is quite out of the 
question and may be disregarded. That the ingrowing fibers terminated in a 
random manner in the centers and these random anatomical associations were 
latpr readjusted to function adaptively by a “conditioning” or learning process, 
may also be excluded for reasons already enumerated above. 

Two possible alternative interpretations remain open. First, function may 
conceivably have influenced the formation of synaptic terminals in some such 
manner as presumed in the theory of neurobiotaxis (2), It has often been sup- 
posed, particularly with regard to the development of reflex patterns in ontog- 
eny, that the adequacy of functional effects may somehow have an organizing 
influence on the growth of synaptic associations. Some evidence counterindi- 
cating any functional regulation in the present cases is cited above but it is 
admittedly incompleU', Secondly, it is possible that the systematic re-establish- 
ment of central associations was predetermined essentially by non-functional 
factors such as physico-chemical axon specificities and selective contact affini- 
ties between the different axon types and neurons of the vestibular centers. , 
This latter interpretation is strongly favored by other available evidence re- 
garding both the establishment of basic integration patterns in ontogeny (12) 
and the re-establishment of central synaptic associations in nerve regeneration 
(5-8). The required constitutional specification of the vestibular nerve fibers ■ 
could conceivably arise embryologically through induction effects of end organ 
differentiation in the labyrinth. 
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The action of thiourea in iuducing puhnonary edema and pleural effusion in 
old rats presents a complex problem in physiology. This phenomenon, first 
emphasized by Richter and Clisby (1), has also been studied by Mackenzie and ' 
Mackenzie (2), by Griesbach, Kennedy and Purves (3) and by Dieke and 
Richter (4). 

In the experiments to be reported the effect of 50 mgm. of thiourea in 2 cc. 
of water injected intraperitoneally was studied on groups of thyroid fed, thy- 
roidectomized and adrenalectomized male and female rats. The youngest rats 
used were approximately three months and the oldest more than a year old. 
The principal data are summarized in the following table. 


TABLE 1 

E^ect oj thyroid feeding, thyroidectomy and adrenalectomy on thiourea intoxication, in rats 


GROUPS 

NO. OP 
RATS 

AGE 

NO. 

SHOWING 

1 DEFINITE 
SYMPTOMS 

NO. DIED 

AVER- 
AGE 
DURA- 
TION OP 
LIIE 

AVER- 

AGE 

PDEURAt 

PI.UID 



mo. 



hrs. 

G6. 

Thyroid fed males 


6 

6 

6 

3.2 

6.3 

Control males 


6 

3 

3 

6.0 

10.6 

Thyroid fed males 



6 

6 

4.8 

6.8 

Control males 



6 

3 

8,6 

7.9 

Thyroid fed females 



6 

1 

5 

6.0 

6.2 

Control females 

3 

6 

3 

3 

9.0 

9.0 

Thyroid fed females 

6 

3 

6 

i 5 

6,7 

6,9 

Control females 

6 

3 


0 



Thyroidectomized males 

7 

i 

6 

4 

0 


8.0 

Control males 


6 j 

6 

3 

6.0 

10.6 

Thyroidectomized females 

8 ’ 


1 

0 



Control females 

1 

6 

6 

6 

3 i 

9.0 

9.0 

Adrenalectomized males i 

5 

12 

2 

2 

8 

8.0 

Control males 

10 

12 

7 * 

2 

6 

8.6 

Adrenalectomized females 

7 

12 

0 

0 



Control females 

8 

12 

0 

0 




* Sacrificed after 6 hours. 
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J . Effect of thyroid feeding. These rats were given 75 nigm. of desiccated 
thyroid containing 0.3 per cent organic iodine daily for six days mixed with a 
<lry food ration' of 8 grams per rat, moistened with milk, and tested with thiourea 
on the seventh day. Of twelve males, all died in convulsions.^ The six months 
old rats survived, on the average, 3.2 hours and the three months old rats, 4.8 
hours. Of the nine controls of the same litters, six died while three of the three 
months old rats recovered, although they had dyspnea. Of the twelve thyroid 
fed females, ten di('d and the remaining two had dyspnea. Of the nine litter 
mate control females, only the three older rats died, while the six three months 
old rats had no evident dyspnea. The males were thus more susceptible to 
thiourea intoxication as determined by the number of surviving rats, the sur- 
vival time, the severity of the symptoms and the amount of fluid recovered from 
the pleural cavity. 

2. Effect of thyroidectomy. Of the seven thyroidectomized males, none died 
although fom had moderate dyspnea. Two with the severest symptoms were 
saciificed at the end of 5 hours and they had an average of 8 cc. of fluid in the 
pleural cavity. Of the six control males, all had severe dyspnea and three died. 
Of the eight thyroidectomized females, none died and only one was dyspneic, 
while of the six control females three died and the remaining three were mod- 
erately dyspneic!. The thyroidectomy and control groups were of the same 
age, about six montlis. Thus thyroidectomy had a definite protective effect 
in each sex, but it was much more striking in the females, just as the females 
were found to be les.s susceptible to thiourea intoxication in the case of the 
thyroid fed intact rats. Of the thyroidectomized females that showed no de- 
llnito symptoms, four wore sacrificed hfter six to seven hours, one had 2.6 cc. 
of fluid in the pleural cavity, while the other three had no excess fluid. This 
protective effect of thyroidectomy is at variance with the report by Mackenzie 
and Mackenzie (2) on two thyroidectomized rats and also with the observations 
of Oriesbach, Kennedy and Purves (3) who concluded that the toxicity of thi- 
ourea “is unrelated to thyroid activity.” 

3. Effect of adrennleclomy. All the rats used in this experiment were about 
a year old. Both adrenals were removed at one operation and the animals were 
given 0.5 per cent NaCl in the drinking water. Of the five males, two died and 
there was an average of 7 cc. of fluid in the pleural cavity. The remaining three 
(lid not show any definilo symptoms. Of ten control males, two died and 

‘ Rolled oats, 1 part; hominy, 4 parts; meat scrap, 1 part; dried milk, 0.6 part; supple- 
mented with dried yeast and salt. 

“ These convulsions are terminal and are believed to be due to asphyxia secondary to 
pulmonary edema and pleural effusion. This is accompanied by cyanosis, emphysematous 
deformity of the chest and the rapid onset of general rigor mortis (within 2 min. after 
death). While pulmonary congestion, edema and pleural effusion are the most prominent 
anatomical findings, we have regularly noted congestion and edema of pancreas and to a 
lesser degree of the mesentery and retroperitoneal tissue. This edema of the abdominal 
structures was more prominent in the thyroid fed rats although because of their short 
survival tin«i the volume of pleural exudate was less than in rats surviving for longer 
periods. 
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five others had Severe symptoms but survived. Of the seven female adrenalec- 
tomized rats, none showed any definite symptoms, nor did any of the eight con- 
trol females. Again the males were more affected. 

The result in the adrenalectomy experiment was surprising in view of the well 
established lowered resistance or hypersusceptibility of adrenaleetomized ani- 
mals to so many physical and chemical agents and indicated that the lack of 
adrenal cortex function was not an essential factor in the susceptibility to thi- 
ourea intoxication. 

Discussion. We have confirmed the observation (1, 2) that old rats. are 
more susceptible than younger rats to thiourea intoxication. Thyroid feeding 
in our experiments eliminated the age difference. However, the youngest rats 
used were three months old. Thyroid feeding also caused a striking increase 
in thiourea intoxication as determined by the percentage of rats that died, the 
rapidity of onset and the severity of symptoms and the duration of life. The 
mechanism of this effect is unknown. The observation of Griesbach, Kennedy 
and Purves (3) that 1.3 mgm. KI administered subcutaneously for four days 
protected both th 3 Uoidectomized and intact rats from thiourea intoxication 
shows that it must act, as they have indicated, in some way other than through 
the thyroid gland. 

Thyroidectomy under our conditions afforded a striking protection against 
thiourea intoxication. All of the fifteen thsrroidectomized rate survived, while 
six of the twelve controls died. This is in sharp contrast with the thyroid 
feeding experiment where twenty-two of the twenty-four thyroid fed rats died, 
whereas only half of the eighteen litter mate controls died. One must conclude 
that the thyroid hormone plays an important r61e in the intoxication. Our ex- 
periments showed a sex difference in susceptibility. This difference is not men- 
tioned in the literature. It was present in all groups — thyroid fed, thyroidec- 
tomy and adrenalectomy, but was partly masked in the thyroid fed rats as was 
also the age difference. We have no explanation of this sex difference at present 
but this phase is being investigated. The fact that adrenalectomy does not 
increase the incidence of thiourea intoxication merely means that the lowered 
resistance duo to loss of cortical function is not an important factor. However, 
the possible r61e of epinephrine in this phenomenon is not excluded. Indeed, 
the slight protection npted in the few adrenalectomy experiments might be 
interpreted as due in part to loss of epinephrine while, on the other hand, it is 
possible that the increased susceptibility of male rats in all group.s of experi- 
ments might be related to the larger amount of chromaffin tiasuo which they 
possess. 


CONCLUSIONS 

1. Thiourea intoxication is influenced by age and sex. 

2. Thyroid feeding greatly increases the incidence, severity and rapidity of 
onset of symptoms and death in both sexes. 

3. Thyroidectomy decreases the incidence of tliiourea intoxication. 

4. Adrenalectomy does not increase the incidence of tWourea intoxication. 
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